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INTRODUCTION 
Eukaryotic cells lacking ultrastructurally identifiable mitochondria, 
with double membrane boundary and cristae, pose challenging questions to 
the cell biologist. The integration of structure and function in this 
organelle has become so complete a concept that the anaerobic protozoa 
that seem to be amitochondrial, displaying no double-membraned cyto­
plasmic organelles, must obviously sacrifice some of the functions that 
mitochondria perform in other eukaryotic cells. This investigation was 
originally conceived as an examination of the residual oxidative mito­
chondrial activities and ultrastructural identification of any mito­
chondrial remnant in an amitochondrial organism. Such organisms are 
nearly all parasitic protozoa adapted to low oxygen tension environments. 
Knowledge about the oxidative metabolism of such species might prove to 
be valuable in elucidation of basic parasitic metabolic traits. Con­
tributions to understanding of the nature of the evolutionary ancestral 
pre-protozoan postulated to have come into being when the biosphere was 
low in oxygen (De Duve, 1969a) might also be forthcoming. 
For this investigation, cytochemical inquiry into the oxidative 
enzyme content and localization in intact amitochondrial cells was deemed 
to be the preferred method of determining the particular cell structures 
exhibiting residual, or substitute, mitochondrial activity. Cell dis­
ruption and resultant ambiguities of enzyme association and organelle 
identification would be minimized. Electron microscopic cytochemical 
methods for localization of oxidative enzymes in mitochondria were 
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selected and applied to the most accessible amitochondrial cell, 
trichomonad flagellates. 
Initial cytochemical observations indicated that while the designa­
tion of the particular organelle in the trichomonad cell that exhibited 
oxidative activities would be straightforward, the identification of 
this organelle as a mitochondrial analogue, or a "degenerate" mito­
chondrion, was, very probably, not correct. The strongest ultra-
structural evidence existed for identification of this organelle, instead, 
as the other oxidative organelle of eukaryotic cells, the peroxisome. 
Cytochemical exploration of this question of the identity of the tri­
chomonad organelle constitutes the principal part of this investigation. 
Both mitochondria and peroxisomes of other eukaryoticcells produce 
cytochemical depositions (by different enzymes) with the same cytochemical 
techniques available for oxidative enzymes. This is undoubtably due to 
the similarities in the oxidation-reduction potentials of the two parallel 
enzyme sequences involved in oxidations in the respective organelles. 
Distinguishing between these oxidative sequences cytochemically requires 
the use of substrate dependence and specific inhibitor controls to 
clarify the nature of the enzymes producing the cytochemical deposition. 
Principal emphasis was placed on determining the presence of catalase 
"particle-bound" within the organelles; this is the definitive criterion 
for the identification of peroxisomes (De Duve, 1965), in both biochemical 
cell fractionations and previous cytochemical identifications of peroxi­
somes in other cells. 
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A "high catalase" (manometric) species, Tritrichomonas suis 
(Gruby and Delafond), was compared to a "no calalase" (manometric) 
species Trichomonas vaginalis (Donne'), in the catalase localization 
experiments. Associated cytochemical experiments included the avian 
species, Trichomonas gallinae (Rivolta) also. The compatibility of the 
results obtained with these species suggest that the conclusions derived 
from this investigation may apply equally well to other species in the 
family Trichomonadidae observed to possess ultrastructurally identical 
organelles, and no mitochondria. 
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LITERATURE REVIEW 
The Amitochondrial Organism 
Definition of the amitochondrial organism 
Anaerobic protozoan parasites Eukaryotic cells examined in the 
electron microscope typically possess numerous mitochondria, easily 
identified by the morphological criteria of a boundary envelope of two 
closely apposed, but clearly separate, unit membranes, with the inner 
membrane invaginated into the central matrix space, forming cristae in 
tubular or plate-like configurations (Palade, 1952). The exceptions are, 
for the most part, anaerobic protozoan parasites, which may exhibit a 
variety of single-membrane limited vesicles and organelles but no double-
membrane enveloped structures except the nucleus; these species are re­
ferred to herein as "amitochondrial" organisms. The phylogenetic diver­
sity of such amitochondrial organisms is notable. 
Protozoan species subjected to ultrastructural examination and 
found to lack characteristic mitochondria include the intestinal parasitic 
amebae Entameba histolytica and JE. invadens (Sarkissyan and Avakyan, 
1964; Barker and Deutsch, 1958; Deutsch and Zaman, 1959; and Rosenbaum 
and Wittner, 1970); the stagnant-pond dwelling ameba, Pelomyxa palustris 
(Daniels and Breyer, 1967); the bovine rumen ciliates Diplodinium 
ecaudatum and Opyoscolex sp. (Roth and Shigenaka, 1964); and the 
sporozoans (intraerythrocytic trophozoite) Plasmodium berghi (Rudzinska 
et al., 1965; Theakston et al., 1969), and Babesia rodhani (Rudzinska and 
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Trager, 1962). The amitochondrial state has been more commonly reported 
from flagellates, including the related Intestinal parasites Giardia 
mur is (Friend, 1967), G^ . lamb lia (Brooks et al., 1970), and Lamblia 
duodenalis (Cheissin, 1964); termite symbionts Trichonympha spp. 
(Grimstone, 1959), Mixotricha paradoxa (Cleveland and Grimstone, 1964) 
Joenia annectens and jJ. duboscqui (Hollande and Valentin, 1969); and 
several species of trichomonad flagellates. 
Trichomanad flagellates Trichomanads are parasites of digestive, 
respiratory and reproductive tracts of their hosts, and are thus usually 
found in environments of reduced oxygen tension, though not completely 
anaerobic. Ultrastructural studies of Trichomonas vaginalis (Smith and 
Stewart, 1966; and Nielsen et al., 1966), Trichomonas gallinae (Mattern 
et al., 1967), Trichomonas foetus (Simpson and White, 1964; Honigberg 
et al. 1971), Trichomonas termopsidis (Hollande and Valentin, 1968), 
Pentatrichomonas hominis (Honigberg et al., 1968), and Hypotrichomonas 
acosta (Mattern et al., 1969), revealed all to lack mitochondria. 
Mitochondria were said to be present in Trichomonas lacertae (Joyon, 
1960); Trichomonas muris (Anderson, 1955; Anderson and Beams, 1959) and 
2' criceti (Chakraborty et al., 1961). In the latter two reports, the 
criterion of a double membrane envelope for mitochondrial identification 
was not clearly satisfied in the illustrating micrographs. T. lacertae, 
however, exhibited double-membraned empty appearing O.ly vesicles with­
out cristae (Joyon, 1960). Several other references dealing with the 
general fine structure of 2- vaginalis are listed in Mattern et al., 1967. 
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In the present investigation, exploration of the significance and 
extent of apparent absence of mitochondria in some eukaryotic cells was 
pursued with three species of amitochondrial trichomonads: T. vaginalis, 
2" gallinae, and suis. Trichomonads were selected as the experimental 
organisms for this research for the reasons that quantities of axenic 
trichomonads are relatively easily and rapidly grown, and the metabolism 
of this family has been the most thoroughly studied of all the amitochon­
drial protozoa. 
Trichomonads as amitochondrial cells 
Trichomonad metabolism and biochemical properties Aspects of 
biochemical and physiological (manometric) information concerning trich­
omonad metabolism related to the evaluation of the absence of mitochon­
drial structures include: 1) apparent absence of the Tricarboxylic 
acid cycle (TCA cycle) or Kreb's cycle which is exclusively mitochondrial 
in cells with mitochondria; 2) absence of all cytochromes, 3) impli­
cation of flavoproteins in terminal oxidation to account for the observed 
oxygen uptake and inhibition effects; 4) metabolic evolution of hydrogen 
gas and 5) absence of non-nuclear DNA. 
Metabolic information from the literature dealing with the three 
species used in the present investigation will be emphasized. suis 
is apparently closely related to 2» foetus, from the evidence of cross-
infectivity, morphology, and enzyme profiles (Hibler et al., 1960; 
Doran, 1957; and Lindblom, 1961), so information from studies of the 
latter species will be considered-also. 
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The TCA cycle in trichomonads certainly does not have the prominence 
exhibited in aerobic prokaryotes and eukaryotes having mitochondria, and 
may be absent altogether. No direct indication of the operation of this 
oxidative pathway has been obtained by enzyme isolation or enzyme assay, 
use of specific inhibitors, or utilization of cycle intermediates for 
most TCA enzymes (^ . vaginalis and 2» foetus, Wirtschafter, et al., 1956; 
%. foetus and suis, nasal and cecal varieties, Doran., 1957). However, 
malate dehydrogenase (%. vaginalis, Baernstein, 1961, and Wellerson and 
Kupferberg, 1962; 2» suis and T. foetus, Lindblom, 1961), and pyruvate 
dehydrogenase vaginalis, Wirtschafter et al., 1956, and Wirtschafter 
et al., 1956; 2* foetus and ]!• suis, Doran, 1957) have been detected. 
Pyruvate oxidation was not subject to inhibition by the TCA cycle inhibi­
tor malonate (Wirtschafter et al., 1956). 2» gallinae, however, has 
been reported to oxidize six intermediates of the TCA cycle, including 
succinate (and p-hydroxybutyrate) in the presence of triphenyl tetrazolium 
while vaginalis did not (Read, 1957). Kunitake and coworkers 
(Kunitake et al., 1962) found vaginalis converted ^ C^-glucose into 
fifteen amino acids, including aspartic and glutamic acids, and produced 
14 14 
COg from 2,3- C-succinate. These phenomena, they felt, were best 
explained by at least low level TCA cycle activity. 
For the most part, energy generation (ATP formation) in trichomonads 
apparently results from conventional glycolysis. Enzymes and phos-
phorylated intermediates of the Embden-Meyerhof Pathway (EMP) have been 
isolated from 2* vaginalis (Wirtschafter and Jahn, 1956; Wellerson and 
1 
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Kupferberg, 1962; Baernstein, 1961) foetus, 2- suis, and Pentatrich-
omonas gallinarum (Lindblom, 1961). In addition, hexose monophosphate 
shunt (BMP) enzymes, NADP-linked glucose-6-phosphatase and phosphoribose 
isomerase, were detected in cell extracts of 2» vaginalis (Wellerson 
et al., 1960). These workers also demonstrated that fixation, 
prominent in this organism, showed incorporation into the carboxyl 
group of excreted lactic acid, but revealed no labelling of TCA cycle 
intermediates at all, implicating the HMP in this function. 
Complete breakdown of the carbohydrates necessary for growth to 
CO^  and H^ O via the TCA cycle does not occur (Shorb, 1964). Trichomonad 
metabolic end products, grown aerobically or anaerobically, are lactic, 
succinic, malic, acetic, and smaller amounts of other incompletely 
oxidized organic acids, Hg, CO^  and NH^  (Fulton, 1969). 2» vaginalis 
produces lactic acid (the glycolysis end product) and malic acid pre­
dominantly (Wellerson et al., 1960), while %. foetus excretes succinic 
acid (75%) and suis produces lactic acid (50%) and less succinic 
(Suzuoki and Suzuoki, 1951; Lindblom, 1961). These differences may 
reflect relative differences of two oxidative pathways in the different 
species. Synthesis of glycogen is of great importance in the economy 
of the cell (Ryley, 1955); glycogen phosphorylase was not detected in 
%. vaginalis (Wellerson and Kupferberg, 1962). 
The supposition that trichomonads completely depend on glycolysis 
by the EMP and the HMP for ATP formation and NADH^  oxidation may be 
quite valid. However, a significant oxygen uptake is observed when 
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trichomonads are exposed to aerobic conditions, and the organisms can 
survive several hours in contact with 100% oxygen (^ . vaginalis is more 
susceptable than 2- foetus, Ninomiya and Suzuoki, 1952). Oxygen uptake 
with added glucose appears to be more sensitive to very high concentra­
tions of oxygen than endogenous glycogen metabolism (Ninomiya and 
Suzuoki, 1952; Doran, 1957). The oxygen uptake is not inhibited by 
cyanide, carbon monoxide, azide, or other cytochrome oxidase (cytochrome 
a and a^ ) poisons (^ . foetus, Suzuoki and Suzuoki, 1951; 2- foetus and 
suis, Doran, 1957; and %. vaginalis, Ninomiya and Suzuoki, 1952). 
Cytochrome spectra are apparently absent in all species (^ . vaginalis, 
gallinae, and foetus, Ryley, 1955; and vaginalis, Wellerson 
et al., 1960). Although Suzuoki and Suzuoki reported foetus to have 
cytochrome b, but not c or a (Suzuoki and Suzuoki, 1951), this was 
later questioned (Ninomiya and Suzuoki, 1952). The use of serum, with 
traces of hemoglobin, in the commonly used media for trichomonads may 
present a difficulty in accurately assaying functional hemoprotein spectra. 
Terminal oxidation may well be mediated by flavoprotein oxidases, 
(Baernstein, 1955, 1963) which would not be inhibited by cyanide, azide, 
or carbon monoxide. Flavoprotein oxidases also produce the observed 
hydrogen peroxide end product (Ninomiya and Suzuoki, 1952), and would 
exhibit decreased oxygen uptake at increased oxygen tensions (Doran, 
1957; De Duve and Baudhuin, 1966). Riboflavin and flavin mononucleotide 
are found in T^ . vaginalis in considerable amounts (Wellerson et al., 
1959). Flavoprotein dehydrogenases (oxido-reductases) are responsible 
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for reduction of tetrazolium salts (Lester and Smith, 1961; Brodie and 
Gots, 1952), which has been shown by Read with gallinae (Read, 1957) 
and by Sharma and Bourne with T. vaginalis (Sharma and Bourne, 1963, 
1964a). 
A necessary accessory to the characteristic hydrogen peroxide pro­
duction of flavoprotein oxidases is the presence, of a hydrogen peroxide-
decomposing enzyme (hydroperoxidase), to protect the cytoplasm from the 
toxicity of this highly reactive substance. Catalase has been reported, 
from manometric studies, in foetus and suis (Doran, 1957; Lindblom, 
1961) and catalase and peroxidase, from spectrophotometric assays, in 
foetus (Suzuoki and Suzuoki, 1951). T^ . vaginalis and 2» gallinae 
lack catalase by manometric measurement (Ryley, 1955). 
Trichomonads evolve hydrogen gas (Suzuoki and Suzuoki, 1951) under 
both anaerobic and aerobic conditions (T. foetus, Ryley, 1955), although 
this phenomenon has been most often studied manometrically as "anaerobic 
gas other than CO^ ". The release of molecular hydrogen—fully reduced 
protons—is logically connected with the necessity for the cell to trans­
port electrons from the oxidation of carbohydrate without ample oxygen 
for the final electron acceptor in the natural, anaerobic environment. 
The mechanism is not understood, however. Cyanide and carbon monoxide 
inhibit hydrogen evolution, but not total acid production (Kupferberg 
et 41.» 1953). The latter inhibition is reversed by light, suggesting 
the involvement of a heavy-metal containing enzyme (2» vaginalis. Read 
and Rothman, 1955), as does the cyanide inhibition. The uncoupling 
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agent of mitochondrial oxidative phosphorylation, 2,4-dinitrophenol, in­
hibits hydrogen evolution by T. foetus, gallinae, and 2- Vaginalis 
under the proper conditions (Read, 1957); 20-30% inhibition in T. foetus 
by this agent was also reported by Doran (Doran, 1959). A formic hydro-
genlyase system, composed of formate dehydrogenase (NAD-linked flavo-
protein) and hydrogenase was one tentative proposal for the mechanism of 
hydrogen release; formate dehydrogenase was found in 2- suis and 2- foetus, 
but hydrogenase was not (Lindblom, 1961). 
A final observation of the biochemical properties of vaginalis 
and 2' gallinae relating to evaluation of mitochondrial absence in 
trichomonads was absence of any satellite DNA in cesium chloride bouyant 
density gradient studies by Mandel and Honigberg (1964). Autoradiography 
of 2" vaginalis confirmed a lack of cytoplasmic DNA labelling Perjn and 
Grigoriu, 1966). 
Recent reviews of the biochemical studies of trichomonad metabolism 
include: Baernstein, 1963; Shorb, 1964; Danforth, 1967; Ryley, 1967; 
and Fulton, 1969. 
Trichomonad enzyme cytochemistry Trichomonad "mitochondria-
related" metabolism has also been partially characterized, and related to 
the structure of the organism, by light-microscope level enzyme cyto­
chemistry. 
Janus green B reduction, which specifically stains mitochondria in 
cells possessing them due to the flavoprotsin dehydrogenases (with dye) 
reoxidation by cytochrome c, Cooperstein and Lazarow '53 , ), has been 
a, o, c 
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reported to localize in particles in Trichomonas muris (Anderson, 1955) 
and 2' vaginalis (Akashi et al., 1961; Sharma and Bourne, 1963). Ander­
son suggested that empty-appearing, peripheral vacuoles described in the 
accompanying electron micrographs were the sites of reduction in T. muris. 
Many types of histochemical enzyme techniques were applied to 
vaginalis and published in a series of papers by Sharma and Bourne 
(Sharma and Bourne, 1963, 1964a, 1964b, 1965, 1966a, 1966b). Results 
are summarized: Succinic dehydrogenase and cytochrome oxidase (low 
levels), NAD and NADP-linked diaphorases (mitochondrial flavoprotein ox­
idizing NADH2 AND NADPH2), isocitrate, malate, glutamate, a-glycerophos­
phate, and lactate dehydrogenases, and acid and alkaline phosphatases 
were localized in "mitochondrial granules", -^glucuronidase, dopa 
oxidase, and glycosan (glycogen) phosphorylase were found to be cyto­
plasmic, and 5'nucleotidase and urease in non-mitochondrial granules. 
Aconitase, fumerase, and alcohol dehydrogenase were judged to be absent. 
These papers unfortunately show almost no controls; many of the proce­
dures appear to be over-incubated—the "mitochondrial granules" are the 
size of the nucleus in some cases, and the mastigont system and nucleus 
are often non-specifically stained. However, these studies constitute 
the only information available concerning the presence of the enzymes 
-^glucuronidase, acid and alkaline phosphatase, 5'-nucleotidase (ATPase), 
urease, dopa oxidase and glutamate dehydrogenases. Aconitase and 
fumerase (Baernstein, 1961), and alcohol dehydrogenase (Wellerson and 
Kupferberg, 1962) have also been reported to be absent by biochemical 
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assay in vaginalis. Lactic dehydrogenase and a-glycerophosphatase 
(Wirtschafter and Jahn, 1956), low level succinic dehydrogenase (Kunitake 
et al., 1962), and malate dehydrogenase (Baernstein, 1961) glycogen 
phosphorylase (Wellerson and Kupferberg, 1962), and cytochrome oxidase 
were found in vaginalis by Sharma and Bourne, but are absent by bio­
chemical assay. The diphenylamine Nadi^  cytochemical procedure used by 
these workers for cytochrome oxidase localization (Burstone, 1959), may 
give a positive reaction with a hydroperoxidase and endogenous hydrogen 
peroxide, in the absence of cytochrome oxidase. Finally, the Sharma 
and Bourne report of NAD- and NADP-linked diaphorases by tetrazolium 
reduction may be an indication that some of the terminal oxidation 
mediated by flavoproteins may be of the nature of direct oxidation of 
NADHg and 
No enzyme cytochemistry of any kind at the ultrastructural level has 
been reported with any species of trichomonad. Nielsen and colleagues 
(1966) and Smith and Stewart (1966) state that cytochemical clarification 
of the possibility of mitochondrial function in vaginalis was unsuc­
cessful at that time; in the latter study, glutaraldehyde-fixed organisms 
were incubated for succinic dehydrogenase with Tetra Nitro Blue Tetrazo­
lium without result. 
One study of mitochondrial function by ultrastructural cytochemistry 
in another amitochondrial organism has been reported. Theakston and 
Nadi = Naphtol + diamine conjugation by cytochrome oxidase 
(Burstone, 1962, p. 431). 
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coworkers used an osmiophilic Nadi reagent (Seligman et al., 1967) to 
compare the locations of cytochrome oxidase in Plasmodium berghi and 
2" gallinaceum; only the latter species has classical mitochondria in 
the intraerythrocytic trophozoite stage. 2- berghi does, however, dis­
play classical mitochondria in other life stages (Howells, 1970; 
Rud^ inska and Trager, 1959), (Theakston et al., 1969). The former 
organism showed a positive reaction in whorled membrane lamellae, dif­
ferentiated from the endoplasmic reticulum (ER), and on areas of the 
plasma and nuclear membrane. 2» gallinaceum showed similar, smaller 
deposits, and mitochondria were also reactive. 
Electron microscope studies of trichomonads have been confined 
chiefly to comparative examination of the mastigont systems, with addi­
tional observations of the various membrane systems, including possible 
mitochondrial analogues. 
Trichomonad ultrastructure Different species of trichomonads 
are quite similar ultrastructurally; variation in the mastigont system 
seems essentially limited to number of flagella and basal bodies; com­
ponents are the recurrent flagellum, attached to the margin of the 
undulating membrane, the striated fibrous costa which underlies the un­
dulating membrane, three, four or five flagella with rootlet fibers, and 
the axostyle, a single-layer parallel array of microtubules (about 30 
millimicrons diameter) tapering from a dorsal curve around the basal 
bodies anteriorly, to the posterior end of the cell (Anderson and Beams, 
1959; Smith and Stewart, 1966; Mattern et al., 1967; Honigberg et al.. 
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1968; Honigberg et al., 1971). Membranous ultrastructural elements 
include the double-membraned nuclear envelope; a well-developed Golgi 
apparatus (parabasal body), ventral to the nucleus; a single layer of 
ribosome-bearing endoplasmic reticulum closely apposed to the nucleus; 
various sizes of 'empty' and phagocytic vacuoles with single limiting 
membranes; 0.1-0.2]j spherical, acid-phosphatase positive lysosomes 
(Nielsen, 1970) and a number of spheroid to ovoid, single-membrane 
bounded 0.3 to 1 micron diameter bodies with a finely granular, moder­
ately dense matrix (]C. vaginalis, Nielsen et al., 1966; Smith and Stewart, 
1966; 2' gallinae, Mattern et al., 1967; other species, Honigberg et al., 
1968; Mattern et al., 1969; Hollande and Valentin, 1968; and Honigberg 
et al., 1971). These bodies are identified in the ultrastructural 
studies as corresponding to the paraxostylar and paracostal granules 
(PAG-PCG) observed by light microscopists to cluster around the axostyle 
and costa of these cells (Honigberg and King, 1964). In the work with 
2' gallinae, linear strips with periodic substructure were occasionally 
seen, along with rather large irregular areas of amorphous material of 
increased density in these organelles. 2- vaginalis PAG-PCG do not ex­
hibit such dense areas, but do have a number of very small, very dense 
granules in the matrix (Nielsen et al., 1966; Smith and Stewart, 1966; 
and Filardo, 1970). Pentatrichomonas hominis (Honigberg et al., 1968), 
and Hypotrichomonas acosta have 2- gallinae-type PAG-PCG (Mattern et al., 
1969), while foetus (Simpson and White, 1964 and Honigberg et al., 
1971) PAG-PCG have a matrix of uniform electron density. 
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The suggestion that PAG-PCG represent pools of precursor material for 
construction of the striated fiber and microtubule elements in these cells 
has been advanced (Mattern et al., 1967; Honigberg, 1968). More commonly, 
these organelles have been inferred to be mitochondrial analogues (Niel­
sen et al., 1966; Anderson and Beams, 1959; Akashi et al., 1961; Smith 
and Stewart, 1966), while other vesicular cytoplasmic structures have 
been assigned this role by others (Anderson, 1955; Chakraborty et al., 
1961). PAG-PCG similarities to mitochondria in other cells include 
relative size and number, the appearance of the homogeneous, moderately 
dense matrix, and proximity to the contractile elements of the cell. 
Filardo (1970) has suggested that PAG-PCG may be peroxisomes, from ultra-
structural observations. 
Peroxisomes, morphologically similar to the PAG-PCG of trichomonads, 
have been discovered by electron microscopic examination in liver and 
renal cells of a wide variety of vertebrates and in many plant cells, 
along with mitochondria of classical appearance. Since these organelles, 
originally known as microbodies, have been proven to carry on oxidative 
functions without a content of cytochromes, comparisons of the ultra-
structure of PAG-PCG, and metabolic patterns of trichomonads to the 
properties of such organelles were explored. 
Peroxisomes 
Microbodies; the morphological definition 
Ultrastructure of microbodies Early electron microscopic studies 
of thin sections of mouse renal tissue (Rhodin, 1954) and rat hepatic 
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parenchymal cells (Rouiller and Bernhard, 1956) revealed peculiar single-
membrane limited structures, interspersed with and smaller and less num­
erous than mitochondria. These were named microbodies by Rhodin. Micro-
bodies in the liver and kidney of all examined vertebrate species (no 
absences are mentioned; compilation pp. 28-39, Hruban and Rechcigl, 1969) 
have the following uniform characteristics: 1) Such bodies are limited 
by a single membrane (found to be uniformly 65A thick in rat kidney 
proximal tubules (Maunsbach, 1966)), with no attached ribosomes. 
2) Spatial proximity to smooth endoplasmic reticulum, or to smooth ex­
tensions of rough endoplasmic reticulum (ribosome-bearing ER) is very 
common. 3) Microbodies are always smaller than associated mitochondria, 
ranging in size from 0.1 to 1.5 micron, with commonest distribution 0.3-
0.6 micron (Afzelius, 1965). 4) Spherical to ovoid shapes are typical, 
with the membrane often wavy. In certain tissues, extensive linear 
thickenings, producing flat sides, are often seen (marginal plates), and 
tubular extensions into the cytoplasm are quite common. 5) The matrix 
of this organelle is of uniform density throughout the cell and is finely 
granular. A very important additional characteristic is the presence in 
some species of typical cores, or nucleoids inside the limiting membrane 
(Hruban and Rechcigl, 1969). Such nucleoids were first observed by 
Rouiller and Bernhard (1956) in rat liver. 
Three types of microbodies are distinguished on the basis of the 
kind of nucleoid: Type I has no nucleoid in a matrix of completely uni­
form density; Type II has an amorphous nucleoid, of greater density than 
18 
the matrix; and Type III has a crystalloid nucleoid with clearly periodic 
substructure of various descriptions (Shnitka, 1966). Crystalline 
nucleoids (crystalloids) vary widely in details of periodic structure, 
between species and/or tissues, but are uniform within the same kind of 
sample, and are strongly suspected of being a naturally occurring crys­
talline enzyme rather than a mineral deposit or structural element (Hruban 
and Rechcigl, 1969). Urate oxidase crystals have been isolated from 
preparations of microbodies of rat liver (Tsukada et al., 1966) and 
Reuber H3S tumor cells (Hruban and Swift, 1964) with substructure re­
sembling that of thin-sectioned crystalloids from these tissues. 
Occurrence of microbodies Distribution throughout the animal 
kingdom is supported by the (morphological) identification of microbodies 
in liver and/or kidney of vertebrates ranging from hagfish and lamprey 
eels, fish, amphibians, reptiles, birds and mammals from the marsupial 
opposum to man. Morphological identification of "typical" microbodies in 
invertebrates is limited to insects (Calpodes ethlius, Locke and McMahon 
1971). 
Morphologically identifiable microbodies have been found in protozoa, 
including several species of Foraminifera (Hedley and Wakefield communi­
cation, in Hruban and Rechcigl, 1969), Euglena gracilis (Hanzely et al., 
1971, Graves et al., 1971) trypanosomatids (Muse, et al., 1970) and 
Hartmanella (Childs and Miller, 1971). In Tetrahymena pyriformis, where 
biochemical confirmation of the presence of microbodies, discussed below, 
is very substantial and a large volume of electron microscopic study has 
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been done, designation of microbodies in thin sections is not yet posi­
tive. Certain single-membrane bounded granules are observed to increase 
in number under conditions maximizing enzymes associated with microbodies, 
but the matrix of these bodies is quite electron transparent, no core is 
present, and small loops of membrane not attached to the boundary mem­
brane are seen in the matrix (Muller, 1969b; M. Levy, personal communica­
tion). Such profiles were designated peroxisomes (microbodies) by 
Williams and Luft in a study of fixation of Tetrahymena (Williams and 
Luft, 1968). 
Microbodies of other vertebrate tissues besides liver and kidney 
have been reported in a few cases. Usually the designation "microbody" 
has been used to describe small miscellaneous structures and few of 
these conform to morphological or biochemical criteria now associated 
with the concept of microbodies of liver and kidney. Hruban and Rechcigl 
(1969) summarize these publications. However, recent cytochemical con­
firmation, described below, has been achieved for presence of micro-
bodies in sebaceous glands (Hruban et al., 1971) and lung epithelium 
(Petrik, 1971). 
In the plant kingdom, the first systematic consideration of plant 
organelles similar to the cored microbodies described in animal cells 
was that of Mollenhauer and colleagues (1966). Similarities between 
plant microbodies containing cores or nucleoids and the coreless organelles 
of the same description otherwise were pointed out by Frederick et al., 
(1968). These workers emphasized the ubiquity of the coreless type in 
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meristematic and differentiating plant cells. Fat-storing seeds 
(Mollenhauer and Totten, 1970; Gruber et al., 1970) and leaves exhibiting 
high rates of photorespiration (Frederick and Newcorab, 1971) have large 
numbers of microbodies. 
Organellogenesis of microbodies In plants, the occurrence of 
microbodies in close association with rough endoplasmic reticulum (RER), 
the presence of membranous protusions resembling ER on microbodies, and 
the occurrence of material in cisternal dilations of ER having electron 
density similar to microbodies nearby, suggest the possible formation of 
microbodies by pinching off segments of the ER (Frederick et al., 1968; 
Vigil et al, 1968^ ). Core development may follow differentiation of the 
cell from the meristem. 
Development of microbodies in animal liver is apparently analogous 
to plant material. Examination of 16 day fetal mouse liver revealed a 
small population of anucleoid microbodies; by the 19th day, a larger 
population of microbodies with cores was present. Dilations of RER 
contained amorphous material of matrix density and occasional small 
cores (Essner, 1967). Similar observations starting with the 15 day 
fetal rat through adult have been recorded (Tsukada et al., 1966); micro-
bodies are formed principally in the last six fetal days and first five 
postnatal days, from RER, with nucleoids and microbodies increasing in 
size to a maximum at forty days. Chick liver microbodies develop from 
ER at 7 days incubation, show sizable nucleoids by the time of hatching, 
and then mostly lose the nucleoids, but not the microbodies, by six 
U^npublished work cited in Hruban and Rechcigl, 1969. p. 80. 
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months (Shnitka and Youngman, 1968^ ; Legg and Wood, 1969). The size of 
the nucleoids seemed to depend on the relative amount of urate oxidase 
present in the tissue at a particular time (Tsukada et al., 1966; Shnitka 
and Youngman, 1968^ ). "Budding" of large microbodies has also been sug­
gested as a means of proliferation of the organelles (through ER connec­
tions) (Legg and Wood, 1969; Reddy and Svoboda, 1971). 
Finally, a most significant morphological study of microbodies was 
reported by Baudhuin, Beaufay and De Duve (1965), identifying this 
organelle (by size, single membrane, and nucleoid content) as the consti­
tuent particle of a fraction of rat liver cells having a unique enzyme 
content of catalase, urate oxidase, L-0!-hydroxy acid oxidase, and D-amino 
acid oxidase (De Duve et al., 1960; Baudhuin and Beaufay, 1963; Beaufay 
et al., 1964; De Duve and Baudhuin, 1966). 
Peroxisomes; the biochemical definition 
Enzymes of peroxisomes Biochemical characterizations of micro-
body fractions, all obtained by somewhat similar methods of density 
gradient or equilibrium centrifugation from a 'mitochondrial' fraction 
containing mitochondria, lysosomes, and microbodies-, began with the 
studies of rat liver previously listed. The most recent and complete 
such study of the rat liver fraction is Leighton et al., (1968). Other 
peroxisome sources that have been investigated, with minimum identifica­
tion criteria of a sedimentable catalase content and one other usual 
peroxisome enzyme are rat kidney (Allen et al., 1965; Allen and Beard, 
1965), chicken live and kidney, and frog liver and kidney. 
U^npublished work cited in Hruban and Rechcigl, 1969. p. 92. 
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(Scott et al., 1969), Tetrahymena pyriformis (Baudhuin et al., 1965; 
Muller et al., 1968), Acanthamoeba sp. (Muller and Miller, 1969; Muller, 
1969), Ochromonas malhamensis (Lui et al., 1968), endosperm of germi­
nating castor bean seedlings (Breidenbach and Beevers, 1967; Breidenbach 
et al., 1968; Beevers, 1969), the leaves of green plants, especially 
spinach, (Tolbert et al., 1968; Tolbert and Yamazaki, 1969), Botrytis 
einera (a fungus) (Put, 1969), and Saccharomyces cerevisiae (Szabo and 
Avers, 1969). Table 1 is a compilation of the distribution of enzymes 
sedimenting in cell fractionations with catalase, when separated from 
mitochondria (cytochrome oxidase marker enzyme) and lysosomes (acid 
phosphatase marker enzyme), from the above list of sources examined. 
Glyoxylate reductase functions as an NADHg:hydroxypyruvate reductase in 
spinach leaves (Tolbert et al., 1970); rat liver peroxisomes also carry 
on similar oxidation of NADH2 (Vandor and Tolbert 1970). Neutral 
protease activity of rat liver peroxisomes has also been detected (Gray 
et al., 1970). 
Functions of peroxisomes Peroxisome is the name proposed by 
De Duve (De Duve, 1965) for this class of biochemically related particles. 
All such particles contain catalase and some flavoprotein direct oxidases 
which form the end product hydrogen peroxide; the organelle is envisioned 
as a closed system for disposal of this toxic agent. The term "peroxisome" 
has been widely adopted for discussion of the enzymatic properties of 
animal microbodies, and as the inclusive term for plant microbodies and 
glyoxysomes (peroxisomes of oily seed endosperm, Beevers, 1969). 
Table 1. Enzymes detected In peroxisomes ^  
EC number Enzyme 
Oxidoreductases 
1.1.1.26 Glyoxylate reductase (NAD) + 
1.1.1.- Glyoxylate reductase (MDP) + 
1.1.1.29 Glycerate dehydrogenase (NAD) + 
1.1.1.- Glycerate dehydrogenase (NADP)+ 
1.1.1.35 P-hydroxy acyl-CoA DH (NAD) 
1.1.1.37 Malate DH (NAD) 
1.1.1.42 Isocitrate DH (NADP) + 
1.1.3.- L-Q-hydroxy acid oxidase + 
1.1.3.1 Glycolate oxidase + 
1.2.1.- Xanthine DH 
1.2.3.- Glyoxylate oxidase 
1.3.3.- Acyl-CoA oxidase 
1.4.3.2 L-amino acid oxidase -
1.4.3.3 D-amino acid oxidase + 
1.7.3.3 Urate oxidase + 
1.11.1.6 Catalase + 
Transaminases 
2.6.1.1 Glutamate:oxalacetate TA -
2.6.1.2 Glutamate:pyruvate TA 
2.6.1.4 Glutamate:glyoxylate TA -
2.6.1.12 Alanine:glyoxylate TA 
2.6.1.- Glutamate:hydroxypyruvate TA 
Hydrolase 
3.5.2.5 Allante inas e 
Lyases 
4.1.3.1 Isocitrate lyase -
4.1.3.2 Malate synthase 
4.1.3.7 Citrate synthase -
2 3 4 5 6 7 8 9 ÏÔ îï 12 13 Role'' 
- + - PR/? 
+ + PR/? 
+ PR/? 
+ PR/ ? 
+ FAD 
+ + TCA/GC 
+ - +? + - TCA/GC 
+ + + + + + -
+ + + + + PR/ 
+ + PD 
+ FAD 
+ - AAM 
+ + + +..+ + - - + AAM 
— + + + + — + + + — + PD 
+ + + + + + + + + + + 
+ + + AAM 
-? + AAM 
-? - + AAM 
+ AAM 
+ AAM 
+ +? PD 
+ + + GC 
+ + + GC 
- + - GC/TCA 
Table 1. (continued). 
EC number Enzyme 1^  2 3 4 5 6 7 8 9 10 11 12 13 Role 
4.2.1.3 Aconitase - + TCA/GC 
4.2.1.17 Enoly-CoA hydratase + FAD 
6.2.1.1 Acetyl CoA synthetase + FAD/GC/TGA 
P^eroxisomal Source: 1. Rat liver; 2. Rat kidney; 3. Chicken liver; 4. Chicken kidney; 
5. Frog liver; 6. Frog kidney; 7. Tetrahymena pyriformis; 8. Acanthamoeba sp.; 9. Ochromonas 
malhamensis; 10. Endosperm of germinating castor bean seed; 11. Spinach leaves; 12. Saccharomyces 
cerevisiae; and 13. Botrytls einera (a fungus). 
R^ole of Enzyme in Metabolism: PR . = Photorespiration (green plants only) 
FAD = Fatty acid degradation 
TCA = TCA cycle 
PD = Purine degradation 
GC = Glyoxylate cycle 
AAM = Amino acid metabolism (deamination involved). 
Is3 
P^eroxidase also found in Botrytis einera homogenates. 
Enzyme present = +; enzyme assay negative = Note: Homologous activities (i.e. L-CH-hydroxy acid 
oxidase and glycolate oxidase) may be due to one enzyme. 
References (by number of peroxisomal source): 1. Leighton et al., 1968; 2. Allen and Beard, 1965; 
3,4,5,6. Scott, Visentin, and Allen, 1969; 7. Muller, Hogg and De Duve, 1968 and Levy, 1970; 
8. Muller and Miller, 1969; 9. Lui et al., 1968; 10. Cooper and Beevers, 1969, St. Angelo and 
Dry, 1970; 11. Tolbert and Yamazaki, 1969; 12. Szabo and Avers, 1969; and 13. Put, 1969. Also 
Hruban and Rechcigl, 1969; De Duve and Baudhuin, 1966; and Hogg, 1969a; are useful reviewes. 
Table 1. from De Duve, 1969a. 
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Table 1 is arranged for phylogenetic comparison of the examples now 
available, to emphasize the probable common evolutionary origin of the 
particles containing catalase and a diversity of other enzymes at the 
present time. De Duve postulates that the peroxisome is derived from 
an oxidative particle preceding the mitochondrion, that was adapted to 
the low oxygen tension of the atmosphere of early evolutionary periods, 
and possessed all the enzyme sequences now detected as fragments in var­
ious present day peroxisomes. Progressive selective deletion of some 
metabolic pathways, redundant after the acquisition of mitochondria, or 
merely obsolete for a particular organism under changing environmental 
conditions, then resulted in the present enzymatic diversity of peroxi­
somes from various sources (De Duve, 1969a,b). The ancestral peroxisome 
thus postulated probably exhibited all of the functions diagrammed in 
Figure la. 
NOl Ouinones CO, Formate Formaldetiyde Acetoldehyde Go 
Î 1 î V -" I ... I . ...1 ^ 
NO; Phenols Formate, Formaldehyde Methanol Ethonoi H2O2 
^ -Acyl-CoA Glycolate Glyoxylate''. tJrote 0-amino L-o-OH L-amino 
' • I  ^
i 
cnoyi-CoA 
acids acids acids 
TOxalote?) lAllontoin 
I Glycolate ^cOgj [ 
a-kelo acids 
;S-OH-Acyl-CoA (NAD)\ WFormole?)' Allantoote Succinate 
{NADij \ «^?^Ureo 
^)3-keto-Acyl-CoA 
Acetyl-CoA 
iGÏmXYCÂTÊI-
1 
Isocitrote 
Molote Glutamate a-keto-glutarote 
(NAD) 
Oxolacetote Asportote Citrate 
Figure la. Metabolic properties of the ancestral peroxisome. (From 
De Duve, 1969a.) 
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In general, peroxisomal functions include; 1) Peroxisomes cooper­
ate with chloroplasts in all green leaves so far examined in performance 
of photorespiration (Tolbert and Yamazaki, 1969). 2) Gluconeogenesis, 
and therefore, glyconeogenesis, using acetate from fatty acid oxidation 
or other substrates are mediated by way of the glyoxylate cycle in oily 
seeds, in the protozoan Tetrahvmena. and in yeast (see Table 1), but not 
in higher animals (Scott et al., 1969). Essential enzymes of the 
glyoxylate cycle, isocitrate lyase and malate synthase, are found in the 
peroxisome and/or the mitochondrion. 3) Enzymes for partial purine and 
amino acid degradation in animals, and transamination in plants are 
located in peroxisomes. 4) Participation in coupled peroxidatic reac­
tions performed by catalase, for the oxidation of MDH2 without oxida­
tive phosphorylation, by reduction of a variety of substrates (ethanol, 
formate) of peroxisomal dehydrogenases (De Duve and Baudhuin, 1966). 
The presence of catalase in all peroxisomes suggest that ultra-
structural cytochemical localization specific for this enzyme could 
identify these organelles in the intact cell without the necessity of 
precise enzyme assay of cellular fractions, and ultrastructural com­
parison of thin sections of the tissue to the particle of the peroxisomal 
fraction. 
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Ultrastructural Cytochemistry of Peroxisomes 
Catalase and peroxidase localization by the diamitiobenzidene method 
Peroxismal deposition of DAB Peroxidatic oxidation of 3,3'-di-
aminobenzidine (hereafter referred to simply as DAB) by catalase has 
been used to identify peroxisomes in rat hepatic cells (Novikoff and 
Goldfischer, 1968, 1969; Fahimi, 1968, 1969; Hirai, 1969; Legg and 
Wood, 1970); rat kidney (Beard and Novikoff, 1969b); mouse liver 
(Reddy et al., 1969); chicken liver and kidney (Essner, 1969b); and toad 
liver and kidney (Roels et al., 1970). These peroxisomes exhibited DAB 
deposition in the whole matrix. Plant peroxisomes show peroxidatic 
activity of catalase by deposition in the nucleoids but not the rest of 
the matrix; tobacco leaves (Frederick and Newcomb, 1969), oat coteoptile 
and castor bean endosperm (Vigil, 1969b) and several other plant tissues 
(leaves - Billiard et al., 1971; latex vessels, Marty, 1970) have been 
examined. Peroxisomes in Hartmanella trophozoites have been identified 
by the DAB technique, also (Childs and Miller, 1971). 
These cytochemical methods for the localization of catalase were 
derived by slight modifications from the technique of Graham and 
Karnovsky (1966) for the ultrastructural localization of horseradish 
peroxidase used as a tracer protein in studies of pinocytosis. Addi­
tion of low concentrations of hydrogen peroxide and raising the pH for 
incubation of aldehyde-fixed tissues to 9, resulted in the formation 
of very dense deposits in the microbodies of rat hepatic cells (Novikoff 
and Goldfischer, 1968; Fahimi, 1968). Specific localization of 
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catalase was established by the use of the catalase inhibitor, 3-araino-
1,2,4 triazole (AT) (Margoliash and Novogrodsky, 1958; Fahimi, 1968); 
beef liver catalase has also been used as a tracer protein with DAB 
hydrogen peroxide localization (Venkatachalam and Fahimi, 1969). 
Mitochondrial deposition of DAB Careful interpretation of 
peroxisomal identification by catalase peroxidation of DAB is indicated, 
however, because DAB deposition is not limited to single-membrane 
bounded, ovoid organelles likely to be peroxisomes under all conditions. 
In rat liver tissue, for example, mitochondria form pronounced deposits 
of DAB on the cristae and external membranes at pH 6.0; while peroxisomal 
deposits are maximal at pH 9.0 (Novikoff and Goldfischer, 1968). Both 
sites show some deposition in the whole range of pH 6.0-9.0. The in­
crease in DAB deposition in peroxisomes with increase in pH may be 
attributable to an alkaline hydrolysis of catalase into subunits (four 
hematins/molecule catalase) that react more readily in the peroxidative 
mode necessary to oxidize DAB (Goldfischer and Essner, 1969; Hirai, 1969). 
The peroxisomal deposition is eliminated by aminotriazole, but is not. 
effected by 0.01 M cyanide, while the reverse is true of the mitochon­
drial deposition. (Novikoff and Goldfischer, 1969). Fahimi (1969), 
however, reports that 0.01 M KCN does partially inhibit peroxisomal 
staining with DAB (and 0.1 M sodium azide abolished it completely); this 
was said to be compatible with inhibition of heme enzymes such as 
catalase (and peroxidase) by these inhibitors. 
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Mitochondrial staining has been attributed to oxidation by hemo-
proteins, probably cytochromes (Hirai, 1968: Novikoff and Goldfischer, 
1968; Lumsden et al., 1969). Seligman et al., (1968) claimed that 
mitochondrial deposition of osmiophilic oxidative polymers of DAB at pH 
7.4 was due to the activity of cytochrome oxidase (effective inhibition 
by 0.01 M cyanide) in fresh and formaldehyde-fixed rat heart and liver, 
and mouse kidney. No peroxisomes at all were visible in the poorly 
fixed liver and kidney tissue of this cytochemical study. Novikoff and 
Goldfischer, on the other hand, suggest that the deposition they observe 
on both membranes of the mitochondrial envelope after incubation at pH 
6.0 indicates that oxidation of DAB is performed by both cytochrome c 
and b^ (Novikoff and Goldfischer, 1969). Cytochrome c does not precipi­
tate fresh DAB from solution (Hirai, 1968) except below pH 5.0 
(Karnovsky and Rice, 1969), but is reported to augment the mitochondrial 
reaction (Beard and Novikoff, 1969). Roels has obtained evidence that 
extraction of cytochrome c from brine shrimp eggs reduced mitochonrial 
deposition of DAB at pH 7.5 (internal membrane only stained). The level 
of deposition could be restored, in the normal site, by addition of beef 
heart cytochrome c (Roels, 1970). The enzyme responsible for mitochon­
drial oxidation of DAB may be cytochrome c peroxidase; this would be 
compatible with evidence for the direct involvement of cytochrome c and 
is consistent with several observations that the mitochondrial reaction 
depends on or is enhanced by the addition of hydrogen peroxide (Thread-
gold et al., 1968, Rothman, 1968; Beard and Novikoff, 1969, Fahimi 
1969). 
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The DAB technique used at pH 7.2-7.6 has been reported to stain 
only mitochondria, subject to cyanide inhibition, in aldehyde-fixed 
tapeworms (Threadgold, et al., 1968; Rothmari, 1968) and à trematode, 
Fasciola hepatica (Threadgold and Read, 1968). The latter parasite 
possesses the glyoxylate cycle enzymes isocitrate lyase and malate 
synthase (Pritchard and Schofield, 1969) found in peroxisomes in other 
eukaryotes exhibiting the cycle, but no peroxisomes were detected 
cytochemically in the Threadgold-Read study. hepatica is the 
"highest" animal yet found to utilize the glyoxylate cycle. A mitochon­
drial peroxidase was suggested by these authors as the cause of mito­
chondrial staining, since the reaction was dependent on the addition of 
hydrogen peroxide. 
Nir and Seligman (1970) have reported a light dependent deposition 
of DAB by chloroplasts, without hydrogen peroxide. This reaction 
probably depends on oxidation-reduction systems of the chloroplast simi­
lar to those in mitochondria responsible for DAB deposition. 
Non-peroxisomal peroxidases also may be localized by reaction with 
DAB-hydrogen peroxide. Biochemically defined peroxidases are approxi­
mately one quarter of the molecular weight of a catalase molecule, and have 
one heme compared to four in catalase. They can oxidize a variety of 
diamines, phenols, and other substrates, as well as all catalase sub­
strates, which are limited to hydrogen peroxide, ethanol, formate, and 
thiol compounds. DAB peroxidation by high peroxidase content cells 
results in a characteristic "peroxidase pattern" which includes deposi­
tion in cisternae of the ER, Golgi vesicles, sometimes in the nuclear 
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membrane envelope and often in single-membrane bounded vesicles and 
bodies. Novikoff and coworkers (1968) reported such deposition, includ­
ing lysosomal deposits (without acid phosphatase cytochemical confirma­
tion) in rat thyroid, ganglia, hepatocytes, Kupfer cells, and salivary 
gland. The pattern was confirmed in rat thyroid follicular glands, which 
have a very high peroxidase content associated with iodination of 
thyroxine (Strum and Karnovsky, 1970a; Nakai and Fujita, 1970). A devel­
opmental sequence of cells in crypts of rat large intestine was inferred 
from presence of deposits in ER and Golgi vesicles in the youngest 
cells, which gradually shifted to vesicular deposits in cells farther 
up in the crypts (Venkatachalam e^al^., 1970). Salivary glands also 
exhibit the peroxidase pattern of DAB deposition (Bloom elt al., 1970) . 
Finally, human lipofuchsin granules (Goldfischer et ajL,, 1966) and 
peribiliary dense bodies (Fahimi, 1969), which are two types of 
tertiary lysosomes, exhibit DAB depositions in the absence of hydrogen 
peroxide. Goldfischer and colleagues suggest that this may reflect 
activity of heme compounds after autophagic processes. 
The peroxidase localization with DAB in the ER, Golgi lamellae and 
vesicles in rat thyroid cells and intestinal epithelium is inhibited by 
the catalase inhibitor aminotriazole (Strum and Karnovsky, 1970a; 
Venkatachalam e^ al., 1970). In the latter case, the inhibition was 
said to be incomplete. 
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Peroxidase and catalase localization with a Nadi Technique 
Nadi Technique for catalase localization in yeast cells An 
alternate technique for the ultrastructural localization of peroxidase 
(catalase) is derived from a method of Burstone (1959, 1960) in which 
Nadi oxidative conjugation of two diphenylamines by cytochrome oxidase 
was used for the localization of this complex of cytochromes in mito­
chondria. Avers and colleagues localized cytochrome oxidase in yeast, 
utilizing the Nadi reagents p-amino-diphenylamine and p-amino-p*-methoxy 
diphenylamine with lengthy incubations of unfixed material and no sub­
strate of any kind (Avers et al., 1965 a, b). Subsequently, this group 
adapted this method for detection of cytochrome c peroxidase, a heme 
enzyme of mitochondria, by addition of cyanide to eliminate the cytochrome 
oxidase reaction, lowering the pH from 8.2 to 7.5, addition of hydrogen 
peroxide, and a use of short incubation (Avers, 1967). Microbody-like 
organelles as well as mitochondria were the sites of the membrane-
associated cytochemical deposits under these conditions (microbodies 
were 23% of the reactive profiles). Electron dense granules predominating 
in the catalase-containing cell fraction of yeast cells very probably 
correspond to the microbody-like bodies (Avers and Federman, 1968; Szabo 
and Avers, 1969). This Nadi method has apparently not been used for 
cytochrome oxidase, peroxidases or catalase in any other cells. 
Nadi method for localization of cytochrome oxidase One other 
Nadi method, utilizing n-benzyl-p-phenylenediamine and 1-napthol, has 
been used for ultrastructural cytochemistry with formaldehyde-fixed and 
33 
fresh rat heart, kidney, and liver (Seligman et al., 1967) and in the 
amitochondrial phase of, Plasmodium berghi (Theakston et al., 1969) for 
the localization of cytochrome oxidase. Incubation of rat tissue at pH 
7.4 with no substrate resulted in droplet deposition; inherently inferior 
for enzyme localization with electron microscopy, in mitochondria of 
heart and kidney, but the liver also exhibited cytoplasmic droplets which 
were associated either with ER or with microbodies (some microbodies were 
not reactive). The Nadi method of the Avers group, in contrast, produces 
dense deposits in non-droplet form, often clearly along a membrane. 
The flavoprotein oxidases characterized as peroxisomal components 
along with catalase have also been localized by cytochemical methods, but 
not at the ultrastructural level, by reduction of tetrazolium salts in 
the presence of the particular substrate of the oxidase. 
Tetrazolium localization of flavoprotein oxidases 
Mitochondrial flavoprotein localization Tetrazolium reduction 
to insoluble, electron-dense, blue and purple formazans suitable for both 
light and electron microscope detection, by mitochondria and peroxisomes 
is attributable to flavoprotein enzymes (Brodie and Gots, 1952; Lester 
and Smith, 1961) or to flavoproteins plus a natural or artificial electron 
carrier corresponding to the link between flavoprotein and cytochrome b 
in the electron transport chain (Vitamin K, Slater, 1959; Coenzyme Q, 
or phenazine methyl sulfate (PMS) Horowitz et al., 1967). Only three 
mitochondrial flavoprotein systems are subject to tetrazolium localization: 
NADH2 and NADPH2 oxidorecuctases (diaphorases) and succini dehydrogenase 
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(Farber et al., 1956b); Farber and Buedlng, 1956); ail of the flavoprotein 
oxidases of peroxisomes are potentially capable of reduction of tetra-
zolium in the presence of the particular substrate normally acted upon. 
Such localization at the ultrastructural level is apparently difficult 
(rat and renal tissue. Beard and Novikoff, 1969). 
Peroxisomal flavoprotein localization Histochemical localization 
of three peroxisomal flavoproteins have been achieved. Allen and Beard 
(1965) used the substrates Ct-hydroxyvaleric, CC-hydroxybutyric, and less 
effectively, lactic acid for the localization of O-hydroxy-acid oxidase 
in peroxisomes of rat renal tissue, using Nitro BT and Tetra Nitro Blue 
Tetrazolium. Other results with this method have been reported by Allen 
and coworkers, 1965 and Beard and Novikoff,(1969). D-amino acid oxidase 
was localized histochemically, in liver tissue of several species, before 
this was recognized as a peroxisomal enzyme (Father et al., 1958). "Extra-
mitochondrial" L-amino acid oxidase distribution in rat liver and kidney, 
with the substrate L-leucine, M-Nitro Neo Tetrazolium, and PMS for an 
intermediate electron carrier, has also been reported (Castellano et al., 
1969). A similar method for this enzyme has been formulated by Diculescu 
et al., (1970), employing a variety of L-amino acids and Nitro Blue 
Tetrazolium. All these peroxisomal methods may well be adaptable to 
electron microscopy, as methods for the localization of the mitochondrial 
flavoproteins have been, in aldehyde-fixed tissue (Sabatini et al., 1963) 
and unfixed tissue (Rosa and Tsou, 1964). 
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Flavoprotein localization by Tetra Nitro Blue Tetrazolium Tetra 
Nitro Blue Tetrazolium is widely used for enzyme localization at the 
ultrastructural level because it is least lipophilic of tetrazoliums 
tried (lipophilic tendencies cause the formazan to dissolve in membranes 
and lipid droplets, forming round deposits at a site which may be removed 
from the real site of the enzyme) and competes favorably with oxygen 
for electrons so that incubations do not have to be conducted anaerob-
ically (Rosa and Tsou, 1961 and 1962). Ultrastructural demonstrations 
with TNBT have included 90A micellar deposition in mitochondrial cristae 
membranes (Ogawa and Barrnett, 1964, 1965) for succinic dehydrogenase and 
NADH2 diaphorase; localization of succinic dehydrogenase on the cell 
membrane of Escherichia coli and Bacillus subtilis (Sedar and Burde, 
1965a, b) and identification of the dark respiratory sites on photo-
synthetic lamellae of a prokaryotic blue-green alga (Bisalputra et al., 
1969). 
36 
MATERIALS AND METHODS 
Experimental Organisms 
Stock cultures 
Stock cultures of Trichomonas vaginalis, strain JH 161A and T. gal-
linae. Strain AG, were generous gifts from the laboratory of Dr. B. M. 
Honigberg. The stock culture of T. suis, cecal source, has been main­
tained in culture several years, and was kindly supplied by Dr. B. W. 
Buttrey. 
Stock cultures were maintained during these experiments in Diamond's 
medium (Diamond, 1957), modified by the omission of agar and use of 4-5% 
serum supplement instead of 10% serum. Raw medium without serum was 
adjusted to pH 6.0-6.2 for T. vaginalis, and to pH 6.8-7.0 for the other 
two species, as suggested by Diamond. Then 10 or 12 ml. medium was dis­
tributed to 15 ml. capacity screw-cap culture tubes and autoclaved at 
15 psi. for 10 min. 
Bovine serum used was obtained fresh, with cells centrifuged out, 
from the Iowa State University Meat Lab., through the courtesy of Dr. A. 
D. McGilliard. This serum was frozen in bulk in plastic containers in 
a refrigerator freezing compartment for as long as one year. A quantity 
for a month's use was customarily thawed, filtered for sterility, heat 
inactivated in a 56° C water bath for 30 min. and refrozen. Serum was 
added not more than two weeks before use (0.5 ml. per tube containing 
10-12 ml, of medium), with all autoclaved medium stored at 4°C. 
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Stock cultures were incubated at 35°C in tightly capped tubes, with 
transfers at two or three day intervals. Diamond's recommended anti­
biotic levels (100,000 units of K penicillin G and 0.1 g. streptomycin 
sulfate per 100 ml. media) or "C" mix antibiotics (200,000 units of 
penicillin, 0.1 g streptomycin, and 0.2 g Negram per 100 ml. media) 
(Outka, personal communication) were occasionally added to the medium to 
maintain axenic growth conditions. Bacterial contamination was seen in 
only three of the eighteen experiments reported here (see APPENDIX I). 
Experimental cultures 
Organisms for experimental use were usually grown in the same Dia­
mond's medium in the 15 ml. screw-cap tubes, but occasionally, 350-400 
ml. of this medium in a 500 ml. screw-cap Erlenmeyer flask was used as 
a bulk culture. Growth rates were much less predictable using bulk 
cultures, so the former method was preferred. Growth periods for organisms 
grown in tube cultures, after inoculation with 1 ml. of 24 hr. stock 
culture, varied from 24 to 72 hours. (Information for particular ex­
periments is tabulated in APPENDIX I.). Usually, organisms were har­
vested when the opacity of the culture, which was associated with glycogen 
accumulation, became appreciable, but cellular debris in the culture ves­
sel was still minimal. Twenty-four hours was usually adequate for cul­
tures of T. vaginalis to reach this point, while T. suis and T. gallinae 
grew more slowly, and were most often used at 36 and 48 hours. Very 
opaque cultures with small amounts of cellular debris were selected in 
some experiments to assess possible changes in the patterns of enzyme 
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distribution in the presence of heavy accumulations of glycogen (sta­
tionary growth phase). 
For a live cytochemical incubation, cultures were grown to the 
desired density, any debris was removed by sterile pipette, and the 
organisms rapidly centrifugally collected (1000 x g, for 30-60 sec.). 
The trichomonads were then suspended in a small amount of unbuffered 
Ringers solution or the pH 7.5 0.16 M phosphate buffer used in all the 
incubations to be described, and all tubes pooled. Incubation solutions 
were previously prepared, except for the cytochemical reagents, and 
equilibrated at the desired temperature, so that minimal time elapsed 
(5-15 min.) between removal of the organisms from the conditions of 
culture (low oxidation-reduction potential) and the beginning of cyto­
chemical incubation. Aerobic conditions prevailed during all of the cyto­
chemical incubations to be described. 
The three cytochemical procedures used, diaminobenzidine localiza­
tion of catalase, Nadi localization of peroxidase and tetrazolium of 
flavoprotein oxidases are described below. 
Cytochemical Techniques 
Diaminobenzidene technique for localization of catalase 
The method was introduced by Graham and Karnovsky (Graham and Karnov-
sky, 1966) for the identification of horseradish peroxidase used as a 
tracer protein in the study of phagocytosis, has been adapted by several 
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workers for the localization of catalase in peroxisomes (Fahimi, 1968; 
Novikoff and Goldfischer, 1968). Enzymatic oxidative polymerization of 
3,3'-diaminobenzidine (DAB) is thought to yield an osmiophilic compound 
at the site of the enzymatic reaction (Seligman et al,, 1968) as the 
basis of the technique. Incubation of glutaraldehyde-fixed tissues such 
as rat liver and kidney, known to contain particulate catalase in per­
oxisomes,in pH 9.0 DAB-hydrogen peroxide media, has yielded convincing 
localization in microbodies (Fahimi, 1968; Beard and Novikoff, 1969b). 
Direct application to trichomonads of the techniques used by other 
workers to localize catalase in peroxisomes proved unsatisfactory, because 
of low levels of cytochemical deposition. Prefixation with glutaraldehyde 
in the cold as described in the LITERATURE REVIEW seemed to largely 
eliminate any reaction. Incubations of unfixed cells, at pH 6.0, and 
7.5, however, did result in the formation of distinct and consistent cyto­
chemical deposits. 
Typical incubation media contained 10. mg. of DAB in 5 ml. of 0.16 M 
phosphate buffer, at pH 6.0, 7.5 and 8.2. The phosphate buffer used in 
the DAB-catalase and other cytochemical incubations reported here was 
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0,16 M in PO^" ; proportions of Na2HP04 and KH2PO4 were varied to adjust 
the pH. Standard 0.4 M stock, pH 7.5, for example, was composed of 2.0 
grams KH2PO4 and 12.0 grams Na2HP04 in 250 ml. deionized water. After the 
addition of 0.25-0.75 ml. organisms in Ringer's solution or buffer, 0.1 ml. 
of 1.5% hydrogen peroxide was added to the experimental sample and to all 
inhibitor controls. Inhibitors included 0.2M 3-araino-l,2,4-triazale at 
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all pH levels used, and 0.01 M KCN at pH 6.0; the latter condition is 
reported to eliminate mitochondrial staining with DAB (Novikoff and 
Goldfischer, 1968; Fahimi, 1969). Cytochemical incubation was held 
at 18-20°C for 45-55 min. After at least two rinses in buffer, 1% OsO^ 
in 0.16 M buffer of pH corresponding to the pH of cytochemical incubation 
was used as the sole fixative. The use of only one intermediate buffer 
rinse often resulted in an apparent non-enzymatic adsorption of the osmio-
philic DAB reagent to the abundant glycogen of the cell, in controls as 
well as in the substrate-containing experimental samples. The osmio-
philia of the glycogen accumulations was variable even in the absence 
of DAB or other cytochemical reagents, however. 
Nadi technique for localization of peroxidase 
A Nadi technique utilizing oxidative conjugation of two diphenyl-
amines (Burstone, 1960), by a peroxidative enzyme in the presence of 
hydrogen peroxide was adapted from the method published by Avers (1967) 
for live incubation of Saccharomyces cerevisiae to localize cytochrome c 
peroxidase. Cytochrome c peroxidase is a heme-containing enzyme component 
of mitochondria, oxidizing reduced cytochrome c with hydrogen peroxide. 
However, yeast cytoplasmic granules considered to be microbody-like showed 
a hydrogen peroxide-dependent "peroxidase" reaction which was not enhanced 
by the addition of cytochrome c to the incubation mixture (Avers and 
Federman, 1968). These granules had no concomitant cytochrome oxidase 
cytochemical reaction using essentially the same Nadi technique, without 
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hydrogen ; peroxide substrate and long incubations (Avers, et al., 1965a). 
For incubation of trichomonads, 5 ml. of 0.16 M phosphate buffer, 
pH 7-5-7-8, was used as the vehicle for 1.2 mg. p-amino diphenyl amine 
and 1.5 mg. p-amino-p' methoxy-diphenylamine (both reagents are 
dissolved in 0.01 ml. 95% ethanol and then added to 0.09 ml. deionized 
water to prevent precipitation upon addition to the high molarity 
phosphate buffer). Trichomonads in 0.25-0.75 ml. Ringers solution (each 
sample of any particular experiment received the same amount) or buffer 
were added, followed by 0.1 ml. of 1.5% hydrogen peroxide, freshly 
diluted from 30% solution (Baker). Controls included a fixation control 
without Nadi reagents, a no-substrate control with Nadi reagents but no 
hydrogen peroxide substrate, and a .01 M KCN inhibitor control with re­
agents and substrate. The catalase inhibitor 3-amino 1,2,4-triazole, 
(AT) at 0.2m concentration, was also tried as an inhibitor; in one 
experiment, glacial acetic acid instead of 95% ethanol was used to dis­
solve the Nadi reagents, since ethanol may interfere with the inhibitive 
action of aminotriazole^. ; Nadi incubations followed two protocols: 1) 
35°C for 30 to 45 min., or 2) 18-20°C for 30 min., then 25-27°C for 20-
30 min. The latter procedure was used because the data of Adams and 
Burgess (Adams and Burgess, 1959) indicate that the diffusion of the 
soluble enzyme catalase from tissue slices increases four-fold when the 
temperature is increased from 20° to 37°C. Catalase localization by this 
cytochemical procedure was considered a possibility in view of the ob-
servations of Avers and Federman (1968) on yeast and the subsequent 
iRruban and Rechcigl, 1969, p. 168. 
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confirmation of catalase containing peroxisomes (microbodies) in 
cerevisiae (Szabo and Avers, 1969). 
Fixation after incubation and two short buffer rinses was either 
5% glutaraldehyde in 0.16 M phosphate buffer, pH 7.5-7.8, followed by 
rinsing and post-fixation in 1% OgO^ in the same vehicle; or alternatively, 
1% OgO^ in phosphate buffer. 
TNBT technique for localization of flavoprotein oxidases 
Trichomonads were incubated both live and after brief glutaral­
dehyde fixation for localization of flavoprotein oxidases by deposition 
of insoluble formazan resulting from enzymatic reduction of the tetra-
zolium salt Tetra Nitro Blue Tetrazolium (TNBT). Techniques used were 
based on the work of Sedar and Burde, (1965a, b), using TNBT to localize 
succinic dehyrogenase in unfixed bacterial material. Principal modifica­
tions were use of phosphate buffer and lower substrate concentration. 
Incubation solutions had the following composition: 1.0-0.1 mg. 
TNBT (Sigma)/ml. incubation media was dissolved in 0.1 ml. dimethyl-
foramide/1.0 mg. TNBT, deionized water added, and filtered through a 0.22 
micron Millipore filter, into the appropriate amount of 0.16 M phosphate 
buffer. Substrates were usually added at 0.05 M final concentration. 
Ringers solution, when the organisms had been washed in it, was added 
in volumes up to equal the volume of phosphate buffer, with the organisms. 
T. gallinae fresh from culture and rinsed once, were incubated in buffer 
without substrate for 3 hours to measure the highest level of endogenous 
tetrazolium reduction. 
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Organisms were also starved for 18 hours (T. vaginalis) and 24 
hours (T. gallinae) in sterile Ringers solution to reduce endogenous 
metabolism from glycogen stores (0.16 M phosphate buffer, pH 7.5 
could also be used, with a reduced level of motility apparent and 
greater mortality), then incubated with 0.05 M sodium succinate, or 
succinate and 5 mM sodium malonate (specific succinic dehydrogenase 
inhibitor), or 0.05 M P-hydroxybutyrate and 0.0175 M NAD, or with no 
substrate. The latter sample was included in these experiments to 
assess the amount of residual endogenous metabolism, so that the excess 
over this amount in the substrate-containing samples could be attributed 
to flavoprotein oxidases utilizing the specific substrates, that is, 
succinic dehydrogenase and P-hydroxybutyrate dehydrogenase. 
Unfixed T. suis, fresh from culture, werè .incubated with 0.5 mg. 
NADH2 in 3 ml. buffer, pH 7.5 phosphate and with 0.05 M sodium lactate 
and .0016 M H2O2. T. suis was also prefixed for 20 min. in TU 
glutaraldehyde, ,13 M cacodylate buffer, pH 7.2, at 4°C and then incubated 
with no substrate and with 0.5 mg. NADH2 (Sigma) in 3 ml. of .16 M 
pH 7.5 phosphate buffer. 
All incubations were held at 35°C for 1-4 hours, in a dark incubator. 
Untreated or fixation controls, with no exposure to TNBT, were incubated 
for the same time in the same buffer and fixed as the rest of the 
samples for each experiment. After incubation, usual fixation was in 
57o glutaraldehyde in pH 7.5 phosphate buffer, for two to several hours, 
followed by two or three rinses in buffer and postfixation in 1% osmium 
tetroxide in the same buffer. 
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Avoidance of membrane artifacts 
In these three cytochemical procedures, up to one-half of the 
volume of buffer used in the series of solutions from the incubating 
media to the first rinse after glutaraldehyde fixation could be replaced 
by Ringers solution, but the last intermediate rinse during fixation 
and the OsO^ vehicle had to be phosphate buffer only. Otherwise, it was 
found that an apparent membrane artifact similar to that described by 
Filardo (1970) in T. vaginalis appeared in the fixation controls on the 
limiting membrane of the paraxostylar and paracostal granules. Gil and 
Wiebel (1968) reported that OgO^ fixation in phosphate buffers after 
glutaraldehyde fixation in any of several commonly used buffers including 
cacodylate and phosphate caused a dense dot artifact on membranes of rat 
and dog lung tissue. However, these workers used NaCl to adjust the 
osmolarity of the osmium solutions to match the glutaraldehyde fixatives 
without separately assessing this ingredient. Ringer's solution con­
tains 0.9% NaCl; a complex of NaCl, phosphate ions, osmium, and membrane 
lipids is suspected as the underlying cause of this type of artifact. 
The membrane artifact in trichomonads was also observed with cacodylate 
buffered fixation when molarity of cacodylate exceeded O.IM or Ringer's 
solution was used in any medium. 
Details of the conditions of all the experiments represented by 
micrographs in this report are tabulated in APPENDIX I. Variations in 
the age of cultures, duration of treatment in the various steps of the 
45 
procedures described above, pH and reagent concentrations used, and 
fixation procedures may be compared by referral to this section. 
Preparation and Evaluation of Electron Microscopy Specimens 
Dehydration in ethanol series followed by propylene oxide was used 
for most DAB containing samples, while dehydration in acetone was used 
for all Nadi peroxidase samples. TNBT experiments were usually de­
hydrated with ethanol and propylene oxide, but acetone could also be 
used. Embedment resin was freshly prepared Epon for all experiments. 
Usually, one change of two parts resin and one part of either propylene 
oxide or acetone, depending on the manner of dehydration, was infiltrated 
for 3-5 hours, and followed by pure resin overnight, but occasionally, 
an initial 1:1 resin to solvent mixture was infiltrated for 1/2 -1 hour. 
After 18-24 hours of infiltration, capsules were filled, subjected to 
low vacumn for 1 hour, and hardened for 42-48 hours at 60°C. (Luft, 1961). 
Sections were cut using a diamond knife and a Reichert OmU-2 
automatic microtome. Silver and silver-grey or grey sections were 
mounted on 400 and 300 mesh uncoated grids, or on 200 mesh coated grids 
in the case of very dense Nadi deposits. Since section thickness de­
termines the amount, and therefore, the contrast of a cytochemical de­
posit, care was exercised that sections of experimental samples were cut 
the same thickness or slightly thinner than the controls. Much of the 
present work involves unstained sections, but where indicated aqueous 
acetate and rapid lead citrate staining (Venable and Coggeshall, 1965) 
have been employed. 
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Electron micrographs were taken with an RCA EMU3F, equipped with a 
Sias design reentry grid cap and variable bias. Kodak electron image 
plates were developed for maximum contrast with D-19 developer, and 
printed on F-5 and F-6 photographic paper. Negatives of controls were 
always closely matched with the corresponding experimental samples in 
development times and printed on the same contrast paper. Evaluations 
were made on at least 15-25 organisms in each control sample, although 
that number of micrographs was not always taken; many more organisms 
were customarily evaluated for experimental samples. 
TNBT and Nadi reagent deposits were very dense and hence quite 
distinct when they occurred, but the localizations produced by DAB with 
live incubation, in short enough incubation intervals to achieve ac­
ceptable fixation, were amorphous and less sharply defined. This is 
particularly true with the T. suis experiments, where the nucleoids of 
the paraxostylar and paracostal granules were visible in fixation controls 
after fixation with OgO^ alone, and only somewhat more dense after incuba­
tion with DAB and H2O2. Therefore, the most dense nucleoids of all 
organisms examined, in sections of comparable thickness, for both ex­
perimental and control samples of the DAB experiments have been used 
for illustrations of the research findings. 
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RESULTS AND OBSERVATIONS 
Electron Microscopic Observations of Trichomonads 
Evaluation of the results of electron microscopic cytochemistry for 
detection of oxidative enzymes in trichomonads will be facilitated by 
preliminary consideration of the subcellular morphology of these proto­
zoans. Ultrastructural studies of Trichomonas vaginalis are numerous (See 
LITERATURE REVIEW), while only single reports of the electron microscopic 
morphology of the other two species utilized in this investigation, 
T. gallinae (Mattern et al., 1967) and T. suis (Townsend, 1970, unpublished 
thesis), are available. These three species are indistinguishable in 
their major features in electron micrographs; a general description of 
trichomonad cellular structure will suffice for orientation of the reader 
prior to discussion of the cytochemical results obtained in this investi­
gation. 
Cellular morphology of trichomonads 
Figure lb is a schematic diagram of the "general" trichomonad, as 
seen in electron micrographs. Motile structures peculiar to the protozoan 
cell are the kinetosomes (K) origin of the parabasal fibers (PF), an­
terior flagella (AF), recurrent flagellum (RF) attached to the margin of 
a flap of the simple plasma membrane (PM) which is the undulating mem­
brane (UM), the striated fibrous costa (C) underlying the undulating mem­
brane, and the axostyle (Ax) which is a large curved sheet of microtubules 
in parallel array defining the anterio-posterior axis of the cell. The 
ovoid nucleus (N), with typical double-membrane envelope, is located 
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between the dorsal axostyle and ventral Golgi complex (parabasal body). 
Membranous organelles common to trichomonads and other eukaryotic cells 
are the endoplasmic reticulum (ER) and Golgi complex (G). Mitochondria, 
displaying two enveloping membranes with the inner membrane folded into 
cristae, or even double-membraned empty vacuoles, are not observed. In­
stead, an abundance of 0.5 to 1.0 u diameter, usually circular profiles 
of single-membrane limited organelles are concentrated near the motile 
structures of the cell. These organelles have been identified as par-
axostylar and paracostal granules herein abbreviated (PAG-PCG) by 
electron microscopists (i.e. Mattern et al., 1967, 1969). Single-membrane 
bounded phagocytic vacuoles, and osmiophilic bodies of unknown composi­
tion (especially common in T. suis) are often present in these cells. 
Interpretation of micrographs 
Transverse sections of trichomonad cells are nearly always identi­
fiable by a "C" shaped, single row of cross-sectioned microtubules, which 
is the axostyle in cross-section. In sections parallel to the anterio­
posterior axis of the cell, longitudinal segments of these microtubules 
are often evident. Sections from the anterior end of the cell character­
istically exhibit kinetosomes or internal segments of flagella, while 
central sections display the nucleus, and posterior sections show a small, 
tightly curved axostyle. 
Figure 2 shows four micrographs of T. suis. The nucleus, well de­
veloped Golgi, and a single cisterna of endoplasmic reticulum are seen in 
Figures 2A and 2D. Ribosomes are attached to endoplasmic reticulum and 
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free in the cytoplasm. Organelles resembling the lysosomes identified 
by Nielsen (1970) in T. vaginalis are seen in Figure 2C. 
The curve of the axostyle usually encloses paraxostylar granules 
and an accumulation of glycogen, even when glycogen accumulation in the 
whole cell is minimal. A cross-sectioned costa and accompanying para-
costal granule are included in Figure 2A. Dense 50-300 A irregular 
grains are present in the matrix of the PAG-PCG in many, but not all, ex­
periments with all three species. The matrix is otherwise homogeneously 
granular after double fixation in glutaraldehyde and osmium tetroxide 
with the phosphate buffers used, except in rare instances in T. gallinae 
preparations where large irregular areas of greater density appear in the 
matrix ground material. After fixation in osmium alone, such areas are 
also seen in the PAG-PCG of T. suis, but not in those of T. vaginalis. 
The PAG-PCG generally exhibit circular profiles in micrographs. In 
T. suis. the average diameter is 0.75 la with a range of 0.5-1.2 p. The 
PAG-PCG of T. vaginalis average 0.6 p, with range of 0.3-1.0 ji, while 
T. gallinae PAG-PCG average 0.55 ji, with range of 0.3-0.9 ji, for the aver­
age of two perpendicular axes of profiles with a sharply defined membrane 
boundary. The limiting membranes of the PAG-PCG in all three species 
measure 65-85 A, and appear to be a single dense line for the entire cir­
cumference of the organelle in some experiments (Figure 4-11, T. suis). 
Some other preparations, as in Figure 2 (T. suis). reveal the single (one 
dense line) limiting membrane of these organelles to be separated into 
two dense lines for short lengths of the circumference of the profiles. 
Wellrdefined spaces in the matrices of PAG-PCG, without a detectable 
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dense Line separating the granular matrix material from the electron-
transparent area (usually located adjacent to the limiting membrane) are 
also observed. (Figure 2C). 
Ultrastructural observations of the PAG-PCG of trichomonads will be 
completely considered below, following exposition of the cytochemical re­
sults obtained in this investigation. 
Contrasting of the sections of cytochemically prepared trichomonads 
with the commonly used lead and uranium containing electron microscopic 
"stains" was usually omitted from preparative procedures, to avoid ob­
scuring the increased contrast of cytochemical depositions in reactive 
sites. When used, such staining is noted in the accompanying description 
of the micrograph. Besides enhancement of membranes, lead staining is 
most notable in changing the appearance of glycogen accumulations. 
Glutaraldehyde and osmium-fixed or osmium-fixed trichomonad glycogen 
ranges in appearance from nearly electron transparent, "mashed potato" 
masses, to quite dense granular arrays, without lead staining (Figure 2 
and Figure 23). Lead staining imparts maximal density to the glycogen 
granules, and reveals CK- and P- rosette glycogen granular structures 
(Figure 16, 18). Micrographs in the illustrating Figures have been 
selected to include as much of the cells as possible, to substantiate 
cytochemical specificities discussed. 
Electron Microscope Cytochemical Studies on Trichomonads 
Cytochemical studies were initially undertaken with the immediate 
aim of determining"the sites of oxidative events in the trichomonad cell. 
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in the apparent absence of mitochondria. Cytochemical incubations of 
trichomonad cells with methods said to be specific for localization of 
the mitochondrial flavoproteins, succinic dehydrogenase and NADH2 
diaphorase (Sedar and Burde, 1965), and mitochondrial cytochrome c 
peroxidase (Avers, 1967) singled out the single-membrane limited PAG-PCG 
as such sites (Figures 36, 37, and 20,21). The possibility that PAG-PCG 
were remnants of mitochondria exposed for considerable evolutionary time 
to anaerobic conditions was considered. However, striking morphological 
similarities of the PAG-PCG to the other known class of oxidative organelle 
of eukaryotic cells, the peroxisomes were apparent. Morphological charac­
teristics of peroxisomes, generalized from plant and animal sources by 
Hruban and Rechcigl (1969), include; 1) a single limiting membrane; 
2) uniformly granular, moderately dense matrix material; 3) size range 
0.3-1.2 micron; 4) close association with endoplasmic reticulum of the 
cell; and 5) commonly, but not universally, a denser inclusion, or nu­
cleoid, embedded in the matrix material. PAG-PCG fulfill all these cri­
teria; nucleoids are not present in all trichomonad species, but have been 
reported from T. gallinae (Mattern et al., 1967). The resemblance of PAG-
PCG to peroxisomes has also been noted by Filardo (1970), in morphological 
studies with T. vaginalis. The scope of the investigation was then ex­
tended to determination by cytochemical methods, if possible, which of the 
alternative interpretations—PAG-PCG are degenerate mitochondria or are 
peroxisomes--was most valid. 
Peroxisomes, as well as mitochondria (of other eukaryotic cells) 
exhibit the types of oxidative reactions cytochemically localized in the 
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preliminary experiments. That is, both classes of oxidative organelles 
possess flavoproteins and hydrogen peroxide-decomposing systems, and both 
have been reported to react with all of the oxidative cytochemical re­
agents, tetrazolium; Nadi reagents; and diaminobenzidine (LITERATURE 
REVIEW p. 27). Although similar levels of oxidative potential are pre­
sent in both classes of organelles, as evidenced by their reactions with 
the same oxidative cytochemical reagents, different enzymes are contained 
in each. Distinguishing between mitochondrial cytochemical reaction and 
peroxisomal cytochemical reaction requires the identification of reacting 
enzymes by appropriate dependence on specific substrates, and inhibition 
by specific enzyme inhibitors. 
Peroxisomes universally contain catalase; cytochemical localization 
of this enzyme has been used for identification of these organelles in 
several tissues:(rat liver (Novikoff and Goldfischer, 1968; Fahimi, 1968), 
kidney (Beard and Novikoff, 1969b), mouse liver (Reddy et al., 1969), 
castor bean seeds (Vigil, 1970), toad liver and kidney (Roels, et al., 1970), 
tobacco leaves (Frederick, and Newcomb, 1969), and Hartmanella sp. (Childs 
and Miller, 1971). Other enzymes of peroxisomes are flavoprotein direct 
oxidases which react with a wide range of substrates, including NADH2 
(Tolbert, et al., 1970); (Vandor and Tolbert, 1970). Mitochondrial flavo­
proteins only oxidize the substrates succinate, NADH2, and NADPHg, but 
NADH2 and NADPH2 may be supplied to the organelle by the cytoplasmic oxi­
dation of many different substrates. Distinguishing between mitochondrial 
and peroxisomal flavoprotein activity by substrate specificity is, there­
fore, difficult. 
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Presentation of experimental results 
The following table correlates the content of the incubation medium 
used for each sample with the designation to be used in exposition of the 
results. For example, "fixation controls" have not been exposed to 
either the cytochemical reagents, substrate, or specific inhibitors. 
Therefore, observations on fixation controls do not reflect cytochemical 
localizations, but rather provide morphological references to which all 
other treatments should be compared. 
Table 2. Composition of incubation media for cytochemical localiza­
tions: Sample designations 
Type of Treatment Incubation Medium Composition 
Buffer Cytochemical Substrate Inhibitor 
Reagents 
Fixation Control + 
No-Substrate Control + + 
Enzyme Localization + + + 
Inhibitor Control + + + + 
No substrate and inhibitor controls serve to define the specificity of 
the cytochemical deposition produced by the enzyme localization treat­
ment. Substrate dependence indicates that cytochemical depositions are 
the result of the activity of a particular enzyme. Inhibition by a speci­
fic inhibitor of the enzyme of the cytochemical deposition rciiuEorces both 
the identity of the particular enzyme, and the concept that the enzymatic 
activity of the enzyme is necessary for the cytochemical depositions. 
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Localization of the enzyme can then be inferred from the location of the 
cytochemical deposits with relation to the morphological elements of the 
cell, given that the cytochemical reagents used form the ideal insoluble 
product upon reaction with the enzyme and substrate. 
Experiments to establish compliance with the definative criterion 
of peroxisome identification—the presence of "particle-bound" catalase 
(De Duve, 1965) inside the limiting membrane of the PAG-PCG--will be 
presented first in the subsequent presentation of the cytochemical results. 
Results of the Nadi localization of another hydroperoxidase, with distri­
bution differing from the catalase, and localization of flavoprotein 
oxidoreductase activity in the PAG-PGG by tetrazolium reduction will 
then be considered. 
Catalase localization with diaminobenzidine (DAB) in trichomonads 
Tritrichomonas suis The species, Tritrichomonas suis, which 
has a high level of catalase activity (oxygen generation from hydrogen 
peroxide by whole cells) in manometric studies (Doran, 1957), was cyto-
chemically compared for catalase activity to T. vaginalis, which dis­
plays no catalase activity under similar manometric conditions (Read, 
1957). Peroxisomal catalase has been ultrastructurally localized in he­
patic and renal tissues of animals and in plant tissues by several workers 
using quite similar techniques, based on the work of Graham and Karnovsky 
(1966). In these techniques (Beard and Novikoff, 1969b; Fahimi, 1968, 
1969; Vigil, 1969b), thoroughly washed glutaraldehyde-fixed cells are 
incubated with DAB and hydrogen peroxide in propandiol buffer at pH 9, 
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and postfixed in OSO4. Very dense, amorphous deposits generally com­
pletely fill the limiting membranes of the organelles in the tissue 
designated microbodies or peroxisomes as a result of this treatment. 
However, this protocol proved unsatisfactory for localization of catalase 
in the protozoan cells used here; incubation of unfixed--live--cells was 
subsequently substituted. 
Figures 2 and 3 present results from an experiment with T. suis, 
using the peroxisomal catalase localization method of Beard and Novikoff, 
(1969b). Fixation at 4°C in 5% glutaraldehyde in cacodylate buffer at 
pH 7.5 preceded cytochemical incubation for one hour in DAB-hydrogen 
peroxide-propandiol buffer (pH 9.0) medium. Figure 2 shows four typi­
cal cells from the fixation control sample; the PAG-PCG display ma­
trices of uniform density, as is usual after glutaraldehyde fixation. 
Catalase localization-treated cells are shown in Figure 3. Such cells 
often showed small areas of slightly increased density in the uniformly 
granular matrix material of PAG-PCG (arrows. Figures 3B and 3C). Very 
rarely, dense small nucleoids or larger nucleoids with dense margins 
were observed (Figure 3A, arrows), and are interpreted as sites of 
catalase activity in these cells. Low level activity of the enzyme was 
thought to be spurious, because of the reported manometric activity 
level, perhaps caused by enzymatic inactivation by glutaraldehyde fixa­
tion. Elimination of the glutaraldehyde fixation and utilization of 
phosphate buffers of lower pH (than 9.0) for the cytochemical incuba­
tions consistently produced nucleoids of considerable density in 
the matrices of the PAC-PCG (Figure 5, 8, 9, 10, and 11). This 
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reaction was dependent on the presence of the substrate hydrogen peroxide 
and was completely inhibited by the specific catalase inhibitor 3-amino-
1,2,4-triazole. 
Parameters of the live incubation of T. suis to produce PAG-PGG 
nucleoids in catalase localization medium were explored, to assist in 
relating the results of such incubations to the results obtained by pre­
vious workers characterizing the peroxisomes of other cells. The range 
of pH of the effective reaction, dependence on hydrogen peroxide addition, 
and the effect of the inhibitors cyanide and aminotriazole were tested. 
In this investigation,fixation with OsO^, without glutaraldehyde pre-
fixation, produced faint nucleoids in T. suis PAG-PGG without cytochemical 
incubation at pH 6.0 (Figure 4) and 7.5 (Figure 7) but not at 8.2. Ex­
traction of some matrix material from the PAG-PGG in the absence of 
glutaraldehyde fixation may reveal nucleoids already present. 
Incubation for 1 hr. at 20°C in the complete medium for catalase 
localization at pH 6,0 and pH 7.5 greatly increased the density of these 
nucleoids (Figure 5, 8, 9, 10, and 11). The level of deposition is higher 
at pH 7.5. At pH 8.2, no PAG-PGG nucleoids were produced with DAB cyto­
chemical incubation of unfixed cells and fixation in a phosphate buffer 
of the same molarity as the experiments at pH 6.0 and 7.5 (Figure 12). 
The increase in size and density of the nucleoids of the PAG-PGG was 
dependent on the presence of hydrogen peroxide in the DAB media, although 
those in cells in the no-substrate controls exceeded the density of the 
nucleoids in fixation control cells, probably from endogenous hydrogen 
peroxide production in the cells. (Figure 4 and Figure 7, and 8). 
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Both aminotriazole and cyanide were used as inhibitor controls 
at pH 6.0. Aminotriazole completely inhibited the pH,6 deposition of 
DAB, while cyanide reduced but did not eliminate the increase in density 
of the PAG-PCG nucleoids compared to the catalase localization samples 
(Figure 6). These two inhibitor controls indicate PAG-PCG deposition 
of DAB is not caused by mdtochondrial-type enzymes, (Fahimi, 1969; 
Novikoff and Goldfischer 1968). Many of the cyanide exposed cells ex­
hibited substantial numbers of dense grains in the PAG-PCG matrices. 
Figure 9 shows several examples of the effect of addition of 
aminotriazole to the cytochemical incubation medium at pH 7.5. The 
matrices of the PAG-PCG appear extracted, nucleoids are quite rate, 
and the range of average diameters of the PAG-PCG has increased to 0.6-
1.2 u compared to 0.5-0.9 u in the catalase localization cells. The 
limiting membranes defining the profiles of the PAG-PCG have become quite 
irregular in outline. Inhibition of DAB oxidation in the nucleoids of 
these organelles appeared to be complete, with concomitant swelling and 
structural degradation, which did not seem to have affected other ultra-
structural elements of the cell. 
Figures 10 and 11 show nucleoids of PAG-PCG at higher magnifications. 
Regular, paracrystalline substructure, quite often observed in nucleoids 
of peroxisomes of other tissues (Hruban and Rechcigl, 1969), seemed to 
be absent from nucleoids of T. suis PAG-PCG. However, these cells were 
not stained with lead or uranium salts, and the nucleoids are sites of 
substantial deposition of amorphous, osmiophilic DAB, so this observation 
must be qualified. In Figure lOA, the arrow indicates striations that are 
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not associated with DAB deposition. The arrow-head in Figure lOB indi­
cates a possible continuity of a finger-like projection of the limiting 
membrane of a paraxostylar granule with the external membrane of the nucle­
ar envelope. In Figure 11, the PAC-PCG nucleoids are essentially amor­
phous, but exhibit different degrees of opacity. The matrices of the orga­
nelles surrounding the nucleoids also appear to have a reticular network of 
material of increased density throughout (See also Figure 7A and 8A). 
Less consistent increases in the density of other cellular membranous 
structures accompanied DAB incubations at all pHs. The ER visible in 
Figure lOA, and Golgi, ER and nuclear membrane in 9A, for example, seem 
to exhibit osmiophilia in excess of fixation controls. Such observations 
were correlated with the results of the Nadi peroxidase localization 
experiments to suggest a complete picture of the distribution of hydro-
peroxidase in the T. suis cell. 
Trichomonas vaginalis Organisms of the "no (manometric) catalase" 
species, T. vaginalis (Ryley, 1955, Shorb, 1964), were prepared in the 
pH 7.5 catalase localization medium used to localize catalase in T, suis. 
(1 hr, 20°C). Localization of catalase in the PAG-PCG of this species of 
trichomonad was deemed essential to the confirmation of peroxisomes as 
the functional organelle of terminal oxidation in these amitochondrial 
cells. 
Fixation of T. vaginalis with either glutaraldehyde and OsO^, or 
with OsO^ alone, very rarely produced any suggestion of PAG-PCG nucleoids. 
Typical OsO^-fixed fixation control cells for catalase localization 
experiments are illustrated by Figure 13A, and 13B. (Glutaraldehyde-OSO4 
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fixed T. vaginalis fixation controls. Figure 25, and 38). Figure 13C 
and 14 show that without addition of hydrogen peroxide to the DAB-con-
taining catalase localization medium, a few small, quite dense nucleoids 
are found in T. vaginalis. Glycogen density was found to be quite vari­
able in OsO^-fixed samples of T. vaginalis, but was not dependent on the 
presence of hydrogen peroxide in the medium, or eliminated by amino-
triazole inhibition, so is unlikely to reflect any enzymatic activity. 
Complete catalase localization medium produced large, dense nucleoids 
in most PAG-PCG profiles (Figure 15, 16, and 17), or more diffuse, retic­
ular dense material dispersed throughout the matrix of the PAG-PCG (Fig­
ure 17A)• Little difference in the contrast of the membranes of ER, Golgi, 
and nuclear membrane could be discerned between catalase localization 
samples and controls. Frequency and size of the PAG-PCG nucleoids found 
after cytochemical incubation for catalase localization of T. vaginalis 
were at least equal to those exhibited by T. suis prepared at pH 7.5. 
Substrate dependence of the catalase localization is apparent upon 
comparison of Figure 14 with Figures 15 and 16. Inhibition of the DAB 
deposition by addition of the specific catalase inhibitor, 3-amino 1,2,4-
triazole (0.2 M), was complete (Figure 18 and 19). No PAG-PCG nucleoids 
were found in the latter control; the swelling of these organelles of 
T. suis (Figure 9), in similarly prepared samples,was not observed in 
T. vaginalis. An interesting complexity of the PAG-PCG limiting membrane, 
occasionally seen in other samples (Figure 15B), was prominent in one 
aminotriazole control sample. The single dense line of the membrane is 
broken by short lengths of separation into two dense lines, or 'splits', 
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of uniform size and spacing. The significance of this observation is 
unknown, but quite probably reflects an actual structural property of the 
membrane. More commonly observed membrane splits are longer and not regu­
larly spaced (Figure 2, Figure 30). Unit membrane structure could not be 
discerned in the split sections of the membrane, and could not be dis­
tinguished from the splits when considering the single dense line seg­
ments of the limiting membrane. Section thickness used for cytochemical 
observations, and short radii of curvature of the organelle, make deter­
mination of unit membrane structure difficult. The single dense line 
segments measure 65-75 A, and the splits measure 40 A. 
DAB localization of catalase in trichomonads T. suis and T. 
vaginalis exhibit vastly different efficiencies in manometric studies of 
their ability to release oxygen from hydrogen peroxide, but show no appre­
ciable difference in the size and frequency of catalase-positive sites in 
this cytochemical evaluation. The catalase localization sites appear to 
be discrete inclusions, or nucleoids, in the matrices of the PAG-PCG of 
both species; diffuse reticular dense material through the PAG-PCG is 
also prominent in catalase localization samples, but not in fixation or 
no-substrate controls. Extra-PAG-PCG DAB deposition was not noted in 
T. vaginalis, while increases in contrast of ER, Golgi, and nuclear mem­
branes, as well as some equivocal densities in the nucleoplasm were noted 
in T. suis. This latter difference will be related in the following sec­
tion of the chapter to the disparity between these species in content of 
what is apparently another hydroperoxidase. 
Application of the standard peroxisomal catalase localization 
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methods, used by other workers for other cells (Beard and Novikoff, 1969), 
to trichomonads was suggestive that catalase was localized in PAG-PCG 
nucleoids. Utilization of live incubation in DAB cytochemical media at 
pH 7.5 produced more substantial depositions in both species in catalase 
localization samples, and enabled convincing demonstration that the de­
position of DAB was hydrogen peroxide dependent and completely inhibited 
by the specific catalase inhibitor, aminotriazole. In addition, cyanide 
inhibition of the DAB deposition at pH 6.0 was not complete, as it would 
be if mitochondrial type enzymes were causing the reaction with DAB. 
(Fahimi, 1969; Novikoff and Goldfischer, 1968). Therefore, the conclu­
sion that the PAG-PCG contain the enzyme catalase seems warranted. 
Table 3. DAB results summary: PAG-PCG nucleoid size and density 
(0-+ + + +) 
Incubation Medium Composition 
Species pH Buffer DAB + H2O2 DAB DAB/ DAB/ 
only H2O2/AT* H2O2/CN"** 
T. suis 6 . 0  4" + + + + + 0  + + 
7.5 + + + + + + 0  
8.2 0  0  
9.0 (pre­
fixed) 
0  + 
T. vaginalis 7.5 0  + + + + + 0  
*AT=0.2 M aminotriazole. 
**CN=0.01 N cyanide. 
62 
DAB deposition produced by the standard (glutaraldehyde prefixed) 
catalase localization methods in other tissues typically completely fills 
the entire perioxisome with a very dense deposit. The amount of deposi­
tion obtained by the method used here is somewhat less than commonly 
observed in some other studies, although the "mottling" of the matrix 
material of the PAG-PCG suggests that if the reaction were prolonged, 
the entire organelle would be filled with DAB deposition. The study of 
Frederick and Newcomb (1970) of the cytochemistry of catalase in per­
oxisomes of tobacco and oat leaves indicated that the catalase was con­
fined to the nucleoids of the peroxisomes of these cells. 
Extension of the preliminary study of hydroperoxidases by Nadi 
cytochemistry in trichomonads, which led to the investigation of the pres­
ence of catalase, provided further information for the comparison of the 
oxidative functions of these species, and will be considered next. 
Peroxidase localization with Nadi reagents 
Trichomonas gallinae A third species of trychomonad, T. gallinae, 
was used in initial experiments to localize peroxidative activity in 
these amitochondrial cells with the "cytochrome c peroxidase" technique 
used with yeast by Avers (1967). Since Avers and Federman (1968) re­
ported 23% of the "cytochrome c peroxidase" of yeast cells to be 
localized in extra-mitochondrial " microbody-like" organelles, it was 
thought probable that this Nadi technique would localize catalase of micro-
bodies (peroxisomes) as well as cytochrome c peroxidase of mitochondria. 
Cytochemical incubation of washed T. gallinae cells with the 
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diphenylamine Nadi reagents of Avers and 0.02% hydrogen peroxide 
in pH 7.5 phosphate buffer resulted in a pattern of cytochemical deposi­
tion which included the PAG-PCG, Golgi lamellae, ER, and the nuclear 
membranes of the cells (Figure 20, 21, and 22). This patcern corresponds, 
with the exception of the PAG-PCG deposition, to the pattern of cyto­
chemical deposition observed by other workers when cells with high per­
oxidase content are subjected to DAB-peroxidase localization at pH 7.5. 
Thyroid follicular cells (Strum and Karnovsky, 1970a); salivary glands 
(Strum and Karnovsky, 1970b); intestinal epithelium (Venkatachalam et al, 
1970). After cytochemical incubation at 35°C for one hour, amorphous, 
rounded (droplet), very dense deposits were observed to be associated 
with the membranes of the PAG-PCG; lesser amounts of these deposits were 
associated with Golgi membranes, the nuclear membrane and the short seg­
ments of ER present in this species. PAG-PCG nucleoids were not promi­
nent, but may be obscured by peroxidase reaction product•(Figure 2ID). 
Without the addition of hydrogen peroxide, cytochemical deposition 
was minimal (Figure 23). Nucleoids were absent from PAG-PCG of 
(glutaraldehyde and OsO^) fixation and no-substrate controls. Addition 
of 0.01 N KCN to the Nadi reagent-hydrogen peroxide containing medium par­
tially inhibited the cytochemical reaction (Figure 24). PAG-PCG membranes 
are still the principal site of deposition with cyanide inhibition. This 
concentration of cyanide completely eliminated the mitochondrial reaction 
observed by Avers with this technique in yeast (Avers, 1967). The amount 
and distribution of the cytochemical deposits appeared not to be affected 
by the amount of glycogen accumulated by the cell. Figure 22 illustrates 
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high glycogen content cells with peroxidase localizations. 
Trichomonas vaginalis T. vaginalis was incubated for the local­
ization of peroxidative activity with Nadi reagents in the same manner as 
T. gallinae. Lower levels of cytochemical deposition in the same sites 
were observed with this species, when incubated at 35°C than in T. 
gallinae. Non-droplet deposition was achieved by lowering the tempera­
ture of incubation to 20°C on the basis of the observation of Adams and 
Burgess (1959) that catalase diffused from cells four-fold faster at 37 
than 20°C. At the lower temperature, the Nadi deposits adhered to the 
contours of the membranes of the PAG-PCG, Golgi, nucleus, and ER. Phago­
cytic vacuoles with content of cannabalized cell parts also were sites of 
deposition (Figure 26 and 27). Hydrogen peroxide dependence of the reac­
tion was complete (Figure 25). PAG-PCG nucleoids were absent from the 
(glutaraldehyde and OSO4) fixation controls (Figure 25A), and no-substrate 
controls, but were found in the peroxidase localization specimens (Figures 
25E, 27A, and B). 
The effect of addition of 3-amino-l,2,4-triazole, which completely 
inhibited the deposition of DAB in nucleoids of PAG-PCG for localization 
of catalase, was examined. These organisms were incubated at 20°C in 
medium containing the Nadi reagents, hydrogen peroxide, and 0.2 M amino-
triazole. Localization was greatest in the PAG-PCG, where it was often 
associated with spaces in the matrices under the limiting membrane, and 
in Golgi membranes and ER. The nuclear membrane was not observed to be 
reactive in this sample, A finely granular background density in the 
cytoplasm was observed. The cytoplasmic density was particularly marked 
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when the PAG-PCG matrices exhibit large spaces adjacent to the boundary 
membranes. Ethanol was used to dissolve the Nadi reagents as usual in 
this experiment; the inhibitive action of aminotriazole is interfered with 
by ethanol (Hruban and Rechcigl, 1969). The amount of cytochemical de­
position in the aminotriazole treated organisms appeared to be increased 
over the peroxidase localization cells. This observation may indicate 
that aminotriazole inhibition of the catalase in the PAG-PCG (localized 
with the DAB technique) spares more of the hydrogen peroxide substrate 
for peroxidative conjugation of the Nadi reagents by the activity of a 
separate peroxidase with a distinct pattern of localization. 
Tritrichomonas suis Variables explored utilizing T. suis were 
comparison of pH 6.0 and 7.5 reactions, inhibition by 0.01 N KGN, and 
inhibition by 0.2 M aminotriazole (with no ethanol present). The incuba­
tion temperature used was 20°C (rising to 25°C) as in the T. vaginalis 
experiments. 
Incubation in Nadi reagent-hydrogen peroxide peroxidase localiza­
tion medium at both pH 6.0 and pH 7.5 produced non-droplet, membrane-asso­
ciated localizations in the previously defined "peroxidase pattern" of 
ER, Golgi lamellae, nuclear envelope, and cytoplasmic vesicles. In addi­
tion, as in the other two species examined, a major part of the deposi­
tion was located on the membranes of the PAG-PCG. (Figure 29, and 31). 
The level of deposition was much higher than in the other two species. 
Typical reactions from incubation at pH 7.5 exceeded the deposition from 
incubation at pH 6.0. Complete substrate dependence of the reactions is 
illustrated in Figure 29C and C. 
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The T. suis Nadi peroxidase localization samples, unlike the T. 
vaginalis and T. gallinae samples, were fixed in OSO4 only. PAG-PCG 
nucleoids of greater density than observed in the fixation controls pre­
pared with these peroxidase localization specimens (Figure 4A, B, C, and 
7B, C, and D) were present in no-substrate controls (Figure 29C and D). 
Such nucleoids are visible in all peroxidase localization organisms, 
although only rarely were very dense deposits recognizable in direct con­
tact with a nucleoid (Figure 2 9 k ) .  
Very large deposits, which perhaps obscure an originating structure 
were often seen near the nuclear membrane (Figure 29A, 3OA and D). 
Peculiar to T. suis were the reactive membranous tubules in the undulat­
ing membrane (which are possibly derived from the ER) and occasional re­
active membranes on external flagella (Figure 29A, 30D, and 31A). The 
plasma membrane was not reactive. Reactive cisternae of ER were commonly 
seen closely associated with several PAG-PCG profiles (Figure 3OA, C, D). 
The content of nearly all phagocytic (cannabalistic or autophagic) vacu­
oles was highly reactive (Figure 30B, 31A). 
Cyanide inhibition reduced the peroxidative activity, as would be 
expected for a heme-containing peroxidase, and caused a more droplet-like 
cytochemical deposition. It did not eliminate any site of deposition, 
except perhaps very small cytoplasmic vesicles (Figure 31B and C). The 
0.01 N KCN concentration used completely inhibited mitochonrial reaction 
with the Nadi reagents used in this localization in yeast cells (Avers, 
1967). 
Aminotriazole addition to the reaction mixture for peroxidase 
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localization resulted in an apparent increase in the level of cytochemical 
deposition, as in I. vaginalis. Glacial acetic acid, instead of ethanol, 
was used to dissolve the Nadi reagents for this experiment (resultant pH 
of the incubation mixtures was 6.6). In Figure 32, the effect of amino-
triazole is illustrated. PAG-PCG nucleoids were much more prominent in 
the peroxidase localization sample not containing aminotriazole than in 
the aminotriazole-treated cells. Organelles described by Nielsen (1970) 
as the sites of acid phosphatase localization (in T. vaginalis) are seen 
in Figure 32D; these are not associated with Nadi cytochemical depositions. 
The increase in deposition in the presence of the catalase inhibitor could 
be explained by postulating that the catalase present is not reactive with 
the Nadi reagents, so that inhibition of this enzyme spares hydrogen per­
oxide for increased reaction of a peroxidase with the Nadi reagents. 
Peroxidase localization in trichomonads Results of Nadi cyto­
chemical localization of peroxidative activity in the three species of 
trichomonads used are tabulated below; 
Table 4. Summary of Nadi peroxidase results 
Peroxidase 
Species No-substrate Localization CN Aminotriazole. 
(0- + + + + +) 
T. gallinae 0 
T. vaginalis 0 + + + 
T. suis 0 + + + + + + + + + + + + 
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The comparison of the cytochemical results of the DAB-catalase 
localizations with the localization of peroxidative activity with Nadi 
reagents leads to the conclusion that two different hydroperoxidases are 
detected by the two cytochemical methods. The hydroperoxidases, catalase 
and peroxidase, are distinguishable biochemically, because catalase reacts 
normally; H2O2 + 11202""^ 2H2O + O2, while peroxidases react with hydrogen 
peroxide and a variety of electron acceptors. Cytochemical detection of 
both enzymes requires reaction with hydrogen peroxide and the cyto­
chemical reagent as electron acceptor--the peroxidative mode of hydro-
peroxidase activity. To distinguish between two hydroperoxidases, cyto­
chemical reagents with differential peroxidation potential would be re­
quired . 
DAB localization of catalase indicated that the only consistent site 
of this enzyme was in nucleoids of the PAG-PCG of both species, T. suis 
and T. vaginalis. Slight suggestions of cytochemical deposition in other 
sites such as Golgi and ER in DAB-hydrogen peroxide treated T. suis cells 
were sometimes observed, but not consistently. Nadi localization of 
peroxidative activity shows only slight reactivity with the nucleoids of 
the PAG-PCG of all of the species utilized, while exhibiting very high 
activity in Golgi, ER, nuclear membrane, and associated with the membrane 
of the PAG-PCG, distinct from the nucleoid sites. Previous workers have 
defined a "peroxidase pattern" typical of high peroxidase content cells 
using DAB techniques, which includes activity in Golgi, ER, nuclear mem­
branes, and sometimes small cytoplasmic vesicles (Strum and Karnovsky, 
1970a, b; Venkatachalam et al, 1970). Organelles comparable to the 
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PAG-PCG have not been found in any of these previous investigations of 
high peroxidase content cells. 
Dependence of the Nadi cytochemical reaction upon the presence of 
the substrate hydrogen peroxide indicates that the enzyme detected 
is of the nature of a hydroperoxidase. Lack of complete inhibition by 
0.01 N KCN further argues against the possibility that the observed Nadi 
reaction is any type of mitochondrial reaction with the reagents. 
Finally, the failure of aminotriazole to reduce the cytochemical deposi­
tion in these cells, while this inhibitor had completely eliminated the 
DAB-catalase localization in the PAG-PCG nucleoids, reinforces the inter­
pretation that the cytochemical reaction of the Nadi reagents detects a 
different, non-catalase, hydroperoxidase. 
The cytochemical confirmation of hydrogen peroxide-decomposing 
enzymes, even in species (T. vaginalis and T. gallinae) previously thought 
to lack them, strongly indicates that terminal oxidation mediated by 
flavoprotein oxidases producing hydrogen peroxide as a by-product does 
occur universally in the trichomonads. Cytochemical localization of such 
flavoprotein enzymes was undertaken to substantiate the role of the PAG-
PCG as the principal site of terminal oxidation processes in the trycho­
monad cell, suggested by the content of hydroperoxidases in these 
organelles, 
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Flavoprotein oxidase localization with TNBT 
Trichomonas gallinae T. gallinae, freshly harvested from 
growth medium, were incubated with dimethylforamide-dissolved Tetra. Nitre 
Blue Tetrazolium (TNBT) in phosphate buffers of pH 6.0 and 7.0, with no 
added nutritive substrates for three hours at 35°C; these pHs were em­
ployed because this species lowered the pH of growth medium from pH 7.0 
to pH 5.6 in two days of culture. Figures 33 and 34 compare the observa­
tions at the two experimental pHs. Discrete dense deposits are localized 
on the limiting membrane of PAG-PCG; the level of deposition at pH 7.0 
exceeds that at pH 6.0. Organisms in the control samples, incubated 
without TNBT Figures 33A and 34A did not show the opaque membrane-asso­
ciated PAG-PCG deposits observed in TNBT-containing samples. This cyto-
chemical reaction involves reduction of endogenous substrates in the cells 
by flavoprotein oxidases acting at the PAG-PCG membrane, if not actually 
contained within this membrane,coupled to the reduction of TNBT to elec­
tron-dense formazan. Mitochondrial flavoproteins such as succinic de­
hydrogenase are known to be incorporated into the mitochondrial inner 
membrane, while the location of peroxisomal flavoproteins in the peroxisome 
has not been determined (De Duve and Baudhqin, 1966; Hruban and Rechcigl, 
1969). Secondary absorbtion of TNBT formazan by the membrane is possible, 
but TNBT is appreciably less lipid soluble than other tetrazoliums used 
cytochemically (Rosa and Tsou, 1962); it has been used to demonstrate 
succinic dehydrogenase in the inner mitochondrial membrane (Ogawa and 
Barrnett, 1965). Incorporation of the flavoproteins into the membrane of 
the PAG-PCG appears to be a distinct possibility. 
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These non-droplet deposits were observed in both ethanol-propylene 
oxide and acetone dehydrated material. Particles of the tetrazolium 
salt, not reduced to formazan, were observable in vacuoles, adsorbed to 
the plasma membrane (Figure 34B), and rarely, diffusing into cytoplasmic 
areas from vacuoles (Figure 34G) . In Figures 32D and 34E, deposition 
of formazan is associated with the inner dense line of a "split" in 
the limiting membrane of a paraxostylar granule. No other sites of 
cytochemical deposition were recognizable, except bacterial cells pre­
sent in the samples. 
In two identical experimental trials, 48 hr. cultures of T. gallinae 
were washed, then held at 35°C in Ringers Solution for 24 hrs. to reduce 
the level of oxidation of endogenous substrates (glycogen accumulations 
were still present). Subsequently, the organisms were incubated at pH 
7.5 for 1 hr. in phosphate buffer with TNBT and one of the following sub­
strates: 5 mM succinate, 5mM malonate (inhibitor of succinic dehydro­
genase), or 50 mM P-hydroxybutyrate with 10 mM NAD. These experiments 
were directed toward demonstration of the mitochondrial-type dehydrogenase 
complexes succinic dehydrogenase and P-hydroxybutyrate dehydrogenase plus 
and NADH2 oxidoreductase, 
Cells incubated with malonate exhibited no recognizable PAG-PCG 
membrane depositions or any other deposition (Figure 36A). The same in­
cubation medium with an identical molarity of succinate instead, showed 
deposition on PAG-PCG membranes, common PAG-PCG nucleoids, and a very 
characteristic granular increase in density in the cytoplasm which obscured 
a great deal of the ultrastructural detail in unstained sections. 
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(Figures 36C, D, E). The presence of mitochonrial-type succinic dehydro­
genase is questionable, however, in the light of the lack of biochemical 
evidence for this enzyme in trichomonads (See LITERATURE REVIEW) and the 
evidence for succinic acid as a principal metabolic end product excreted 
by these trichomonads (Shorb, 1964; Fulton, 1969). Alternatively, the 
increased level of formazan deposition over no-substrate control organisms 
(Figures 35G, D) might be accounted for by metabolic efforts of the ceil 
to eliminate succinic acid leaking through the plasma membrane damaged by 
dimethylforamide, using endogenous glycogen stores as substrates. 
With the substrate P-hydroxybutyrate and added NAD, TNBT formazan 
deposition on PAG-FCG membranes, without any cytoplasmic granular appear­
ance or glycogen adsorbance, was again observed (Figure 37). While Read, 
(1957) has reported this substrate to be oxidized by T. gallinae with 
added tetrazolium (and also succinate, in the same type of experiments), 
this result may also be a reflection of other enhanced metabolic activ­
ity. Certainly, the added NAD would be subject to reduction by all endog­
enous substrates also, with the augmented PAG-PCG deposition dependent on 
flavoprotein oxidation of NADH2 « 
Trichomonas vaginalis Results from two identical experiments 
for localization of flavoprotein oxidases using T. vaginalis and the 
substrates succinate and P-hydroxybutyrate with NAD were in agreement. 
Organisms in culture for 24 hrs, were held in Ringers solution for 18 hrs, 
to reduce the endogenous level of formazan deposition as much as possible 
(Figure 38 C,D). Subsequent incubation for 1 hr with TNBT and 50 mM 
succinate or 50 mM P-hydroxybutyrate with 10 mM NAD produced quite 
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promineat deposition on the PAG-PGG membranes with the former substrate 
in most organisms viewed, and no deposition in nearly all organisms with 
the latter substrate. 
T. vaginalis "succinic dehydrogenase" localization organisms, as in 
T. gallinae, showed consistent and considerable granular density in the 
cytoplasm, which obscures the glycogen accumulations. Serial sections 
reveal that the deposits seen as short, linear, segments on the PAG-PGG 
membrane, appear to cover irregular areas of the surface of the organelle 
in tangential section instead of appearing as rounded droplet depositions 
(Figures 39A and B). Also, tangential sections show depositions not appar­
ently associated with PAG-PGG, when the organelles are nearly out of the 
plane of section (Figures 39C and D). Higher magnifications of the 
formazan deposits show them to be sharply defined, non-droplet densities 
on the PAG-PGG membrane (Figures 40A, B, G). No membrane separations were 
observed in association with these deposits. 
Localization of NADH2 oxidoreductase with P-hydroxybutyrate substrate 
left no deposition inmost organisms (Figure 39D), but a few cells showed 
some PAG-PGG membrane densities (Figure 39C). Such deposition may be 
due to endogenous substrates. 
Trichomonas suis 
T. suis freshly harvested from culture were incubated with TNBT and 
NADH2 substrate, for 1 hr, for direct localization of a flavoprotein NADH 
oxidoreductase. Some discrete PAG-PGG membrane deposits were observed; 
additionally, such membranes in the substrate-containing sample were 
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increased in contrast and width (100-110 A) compared to the TNBT no-
substrate controls (85 A) (Figures 41 and 42). The uniform increase in 
the PAG-PCG membrane interpreted as formazan deposition may reflect 
substrate or species difference, compared to deposits in T. gallinae 
and T. vaginalis. NADHg enhancement of the PAG-PCG membrane density may 
indicate the presence of either direct terminal oxidation of this sub­
strate, or the presence of a shuttle system for transfer of reducing 
equivalents from NADH2 to the PAG-PCG analogous to the ^-glycerophosphate 
system of mitochondria (De Duve and Baudhuin, 1966). Apparent cytochemi-
cal deposits are present on internal flagellar membranes in Figure 41A. 
More pronounced deposition with the same NADHg substrate was obtained 
by prefixing the cells for 20 min. in ice-cold glutaraldehyde, followed 
by rinsing, and incubation for 4 hrs. at 35°C with TNBT and NADH2. 
Figure 43 shows the fixation and no-substrate controls of this experiment. 
The internal cellular membranes of the fixation control are discernible, 
while in the no-substrate control, the lengthy incubation with TNBT and 
dimethylforamide after the brief glutaraldehyde fixation has allowed the 
osmiophilic elements of the membranes to diffuse. Contrasting of sections 
with lead citrate reveals no discrete membranes. The location of the 
several PAG-PCG may be determined by the pattern of the characteristic 
dense matrix grains often prominent in T, suis. 
Formazan deposits, indicated by arrows, are distinguishable from lead 
stained glycogen granules by an amorphous, nongranular appearance. The 
apparent spreading of these deposits compared with formazan deposits in 
unfixed material may be due to outward diffusion of enzyme from the poorly 
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fixed membrane. Levels of deposition in the substrateless control some­
times approached the level of deposition in the NADH2-containing sample, 
but was generally lower. Figures 44 and 45 are representative of 
tetrazolium reduction in presence of MDH2. The deposits are clearly 
associated with the margins of PAG-PCG, and not with other cellular struc­
tures . 
Unstarved T. suis were also incubated live for 1 hr with TNBT 
and 50 mM Na lactate as substrate. Lactate, like succinate, is a 
metabolic end product of trichomonad metabolism. (Shorb, 1964; Fulton, 
1969). This substrate was used with moderate success by Allen and Beard, 
(1965) for localization of the peroxisomal flavoprotein, Q-hydroxy acid 
oxidase, in particulate sites at the light microscope level in rat 
kidney. Other substrates used by these workers were not soluble in the 
trichomonad incubation medium. The endogenous level of tetrazolium re­
duction is indicated in Figure 46A. The PAG-PCG membranes are low in con­
trast, and dense matrix grains are few and small. Figures 46B, C, and D 
show a rather peculiar distribution of formazan deposition with lactate 
as substrate. 
In addition to large formazan deposits on PAG-PCG membranes exhibit­
ing electron-transparent, membrane-limited spaces in the matrix (these 
may be the membrane "splits" seen elsewhere, greatly expanded and sectioned 
tangentially) (Figure 46c), membranes of the internal segments of the 
recurrent and anterior flagella, and the striated fibrous costa were the 
sites of prominent discrete deposits. T. suis also showed slight amounts 
of deposition on internal flagellar membranes with NADHg substrate 
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incubation of unfixed cells. The PAG-PCG membranes showed an over all 
increase in density, and the dense matrix grains were large and numerous 
in most cells. Glycogen accumulations are quite electron dense, but this 
is probably a secondary adsorption of tetrazolium or osmium, rather than 
an enzymatic localization. 
Artifactual PAG-PCG membrane densities 
Attention must be directed to a few experiments, from all three 
cytochemical procedures used, in which all of the samples, including the 
fixation control without cytochemical reagents, exhibited sharply defined, 
very dense, droplet-form densities on the limiting membrane of the para-
granules. No other cell membranes or structures were observed to show 
such densities. These densities resemble closely the TNBT forazan de­
positions described above (Figure 47). 
Filardo (1970), observed similar membrane associated densities of 
the PAG-PCG of T. vaginalis, after fixation of preserved cell monolayers 
in 5 percent GA in s-collidine followed by postfixation in unbuffered 4 
percent OsO^ (pH 6.0). These densities were speculated to disclose some 
unknown structure of the membrane. This phenomenom was not observed by 
Filardo after fixation with 6 percent glutaraldehyde in 0.1 M phosphate 
buffer (pH 7.2), followed by 2 percent OsO^ in phosphate buffer (pH 7.2), 
which does not differ greatly from the fixation used in the TNBT experi­
ments described above. Nichols (personal communication) has also ob­
served in Trichomanas augusta quite large, non-droplet dense masses in 
large spaces between either two membranes closely apposed for most of the 
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PAG-PCG boundary "membrane", or inside a membrane split similar to, but 
larger than that observed often in these investigations. 
Figure 47 shows the appearance of these densities in DAB-catalase 
localization cells, (Figures 47A, B), TNBT fixation control (Figures 47C, 
D) and Nadi-peroxidase fixation control (Figures 47E, D). Arrows in 
Figure 47E indicate segments of membrane enclosing dense masses, as ob­
served by Filardo and Nichols. 
In all instances, when these membrane densities appeared in fixation 
controls, the buffering system used varied from the standard one used in 
the group of TNBT experiments reported above. In most cases. Ringers solu­
tion had been used in a proportion of one-third to one-half of the buffer 
for the vehicle of glutaraldehyde and osmium, or for the glutaraldehyde 
only, followed by rinsing in a similar composition medium, before fixa­
tion in osmium in phosphate buffer. Buffering with cacodylate also pro­
duced the densities (Figures 47A, B), with Ringers solution used only in 
the rinse of cells before cytochemical incubation. APPENDIX II summa­
rizes the media used when the PAG-PCG membrane artifact appeared. 
Flavoprotein oxidase localization in trichomonads The variety 
of substrates employed with TNBT in the localization of flavoprotein 
oxidases are summarized in Table 5. The primary conclusion available 
from this phase of this cytochemical investigation is that the PAG-PCG 
are definitely the sites of tetrazolium reduction in trichomonads. The 
flavoproteins postulated to be the terminal oxidation system of tricho­
monads (Baernstein, 1955, 1963), on the basis of the observed enhancement 
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Table 5. Summary of flavoprotein oxidase localizations 
PAG-PCG membrane cytochemical deposition (0- f + + +) 
Species Pretreatment No substrate 
Suc­
cinate 
phb + 
NAD NADH 
Lac­
tate 
T, gal. none 
starved 
pH + +; 7 + + + 
+ + + + + + 
T. va£. starved + + + + + 
T. suis none 
prefixed 
+ 
+ + 
+ + 
+ + + 
+ + 
of tetrazolium reduction by the PAG-PCG by addition of NADH2, are 
evidently located in this organelle. The consistent observation of the 
cytochemical reaction product associated with the membrane of the PAG-PCG 
suggests that these molecules may be incorporated into the membrane 
itself. 
The observations obtained with succinate and P-hydroxybutyrate 
parallel those of Read (1957) obtained with Triphenyl Tetrazolium densi­
tometry with the same species. It is not possible to conclude that the 
corresponding mitochondrial enzymes, succinic dehydrogenase and p-hydroxy-
butyrate dehydrogenase, are present--absence of these reactions was 
expected—but the presence of these substances did produce cytochemical 
depositions in the same site as the NADH2 substrate. 
Use of lactate as a substrate produced unusual cychemical deposition 
in T. suis on internal flagellar membranes and around the cos ta, as well 
as associated with the PAG-PCG. The presence of a flavoprotein-level 
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lactate dehydrogenase at these sites is possible (Baernstein, 1959). 
Peroxidase was localized on the flagellar membranes in T. suis with the 
Nadi cytochemical reaction. The presence of the peroxisomal enzyme, 
a-hydroxy acid oxidase, can not be confirmed on the basis of the partial 
localization with one possible substrate. Much smaller formazan deposits 
were also observed in live incubated T. suis with NADH2 substrate. These 
observations are included to suggest that the PAG-PCG may not be the sole 
sites of terminal oxidations in trichomonads, but that some cytoplasmic 
sites may also function. 
Ultrastructure of Trichomonad Paraxostylar and Paracostal Granules 
Ultrastructural observations of the PAG-PCG of several species of 
trichomonads have been reported (Simpson and White, 1964; Nielsen et al., 
1966; Mattern et al., 1967; Honigberg et al., 1968; Smith and Stewart, 
1966; Filardo, 1970). A single limiting membrane usually circular profile, 
and granular, moderately dense matrix are found in the PAG-PCG of all spe­
cies of the family Trichomonadidae examined, and also in the related orga­
nisms (Order Trichomonomadida, family Monocercomonadidae) Hypotrichomonas 
acosta (Mattern et al., 1969) and Trichomonas termopsidis (Hollande and 
Valentin, 1968), believed to be ancestral to the Trichomonadidae. PAG-PCG 
dense matrix grains were observed in T. vaginalis (Nielsen et al., 1966). 
Nucleoid-like inclusions have been reported in the PAG-PCG of H. acosta. 
T. gallinae (Mattern et al., 1967) and Pentatrichomonas hominis 
(Honigberg et al., 1968); these cores were of two types; amorphous gran­
ular densities, or linear, striated strips. Filardo (1970) has reported 
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membrane complexities of T. vaginalis. produced with a fixation technique 
in which very dense, large particles are contained inside spaces created 
by an apparent lengthwise splitting of the PAG-PCG membrane. Similar 
membrane complexities are depicted but not mentioned in the T. gallinae 
report by Mattern, et al., (1967). 
Comparative ultrastructure of the PAG-PCG of T. suis. T. vaginalis and 
T. gallinae 
New observations on ultrastructure features of the PAG-PCG of the 
three species of trichomonads, T. suis. T, vaginalis. and T. gallinae, 
derived from the examination of many micrographs of the cytochemical 
samples discussed in the previous section included the following: 
1) Numerous connections of the limiting membrane of these organelles 
with ER cisternae were found, 2) Cup-shaped and dumbell-shaped PAG-PCG 
were observed, 3) Membrane complexities of the limiting membrane of 
the PAG-PCG were observed in some of the preparations of all three species, 
involving separations of the single dense line boundary of the organelles 
into two dense lines for short lengths of the circumference, 4) Segments 
of membrane were included in the matrix material of some PAG-PCG, and 
5) Nucleoids of the PAG-PCG of T. vaginalis were visible after cyto­
chemical incubations for catalase localization; previous electron micro­
scope studies of this species had not revealed such inclusions. 
Connections of PAG-PCG with ER membranes (Figures 29, 30, and 31) 
suggest the possibilities that these organelles may form from dilations 
of the ER cisternae, or that PAG-PCG enzymes may be inserted through such 
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a connection. T. suis exhibited more of these continuities than the 
other two species; the amount of ER in T. suis also exceeds that of T. 
vaginalis and T. gaUlnae. In Figure lOB, the membrane of a paraxostylar 
granule appears to be continuous with the outer membrane of the nuclear 
membrane. The membrane segment between the nucleus and the paraxostylar 
granule may be ER derived from the nuclear membrane. 
Cup- and dumbe11-shaped PAG-PCG were also found in T. vaginalis 
(Figure 27) and T. gallinae (Figure 21); these suggest the division forms 
of mitochondria observed in Neurospora by Hawley and Wagner (1967). 
Usually, several of the PAG-PCG in a cell exhibited this configuration 
when it occurred. Elongated, "rod-shaped" PAG-PCG were not uncommon, 
and occasionally all of the PAG-PCG of a cell were this shape (T. suis, 
Figure 4ID). 
Boundary membrane splits may reflect an osmoregulatory property 
of this barrier. Large cytochemical deposits in peroxidase localization 
and flavoprotein oxidase localization specimens were often associated 
with these electron-transparent spaces "inside" the membrane. Filardo 
(1970) observed such splits in the membranes of PAG-PCG of T. vaginalis ; 
massive droplet-form densities filled these spaces in Filardo's study 
of the effects of fixation on the PAG-PCG. In the present investigation, 
electron-transparent spaces in the matrix material of the PAG-PCG, 
adjacent to the boundary membrane, were also common in all three species. 
These may be another aspect of the membrane splits, since both were 
usually found in the same preparations of cells (Figures 2B and 2C). 
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The single dense line segments of membranes of the PAG-PCG measured 
65-85 A in width while the membranes of the splits measured 45-85 A. 
Appearance of dense matrix grains (Figures 2, 6, and 17) may also be re­
lated to the permeability properties of the PAG-PCG membrane. 
Segments and loops of membrane were occasionally included in the 
matrix material of the PAG-PCG that were not associated with electron-
transparent spaces. These membranes did not appear to be attached in any 
way to the boundary membrane (Figures 2D, 4B, and 41D). Previous obser­
vations of these matrix membrane segments may account for some reports of 
"cristate" mitochondria in trichomonads (Yeh, ^  al., 1966). Slm^ 
ilar fragments of membrane have been reported to be contained in the struc­
tures of Tetrahvmena postulated to be peroxisomes (Williams and Luft, 
1968), and in the single-membrane limited, catalase-positive (DAB tech­
nique) peroxisomes of Hartmanella sp. (Childs and Miller, 1971). 
The presence of amorphous nucleoids in the PAG-PCG of the three 
species of trichomonads studied cytochemically was observed. In the 
ultrastructural analysis of T. gallinae by Mattern et al., (1967), quite 
dense nucleoids were very common with glutaraldehyde and osmium fixation 
in a lower molarity phosphate buffer than used in this study. The fix­
ations used in this cytochemical investigation showed only occasional 
dense areas in the PAG-PCG. T. vaginalis. which had not previously been 
reported to exhibit nucleoids in the PAG-PCG, was revealed to possess 
such structures after catalase localization. The degree of extraction 
of the matrix material of the PAG-PCG may be a factor in the appearance 
of these areas of greater density in the PAG-PCG, since nucleoids were 
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not present in glutaraldehyde-fixed T. suis (Figures 2, and 41), but 
were visible after fixation in osmium tetroxide alone (Figures 4, and 7). 
Substructure of a periodic nature was not observed in any of the 
PAG-PCG nucleoids of any species. Suggestions of beaded or coiled struc­
ture in some nucleoids was noted (Figures 10, 11, and 17B) ; the amorphous 
nature of the DAB cytochemical deposition and the thickness of the sec­
tions used for cytochemical observations may obscure indications of 
paracrystalline order in the nucleoids. 
While the principal cytochemical depositions after incubations for 
catalase localization in both T. suis and T. vaginalis appeared to be 
condensed into discrete areas with irregular outlines in the PAG-PCG, 
reticular dense material throughout the matrices of PAG-PCG was also 
found in these specimens (Figures 11, and 17A). Under some conditions, 
catalase of the PAG-PCG may not all be located in the nucleoids of these 
organelles. 
The diameters (average length of perpendicular axes) of the PAG-PCG 
of all three species average 0.5-0.6 p, with a range of circular dia­
meters of 0.3-1.2 p. Differences between T. suis. T. vaginalis and T. 
gallinae in numbers or location of these organelles were not obvious. 
One further ultrastructural observation in this study is the close asso­
ciation of PAG-PCG with glycogen accumulations in the trichomonads. 
Occasionally, particularly in the curve of the axostyle, one or more of 
these organelles appears to be completely embedded in glycogen (Figures 
lA, and 41D). 
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Equivalence of paraxostylar and paracostal granules in Trichomonads 
Paraxostylar granules and paracostal granules, identified where 
possible by proximity to axostyle or costa in sections of T. suis, T. 
vaginalis and T. gallinae, exhibited no cytochemical differences, nor 
ultrastructural differences (T. suis Figures 2, 7, 31A, and 41A). 
Lack of ultrastructural differences between paracostal and paraxostylar 
granules has been noted by previous electron microscopists (Smith and 
Stewart, 1966; Simpson and White, 1964). The usual distinct concentra­
tion of such organelles near the motile structures of the trichomonad 
cell, suggestions by the Honigberg group that the organelles contribute 
material to these motile structures (Mattern et al., 1967), and lack of 
previous evidence to indicate similar functions of the two classes have 
contributed to the preservation of an apparently artificial distinction. 
The cytochemical evidence that paraxostylar and paracostal granules are 
oxidative organelles with no yet apparent difference in enzyme content 
should provide impetus for designation of these structures with a less 
cumbersome, more functionally descriptive name. 
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FIGURES 
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LIST OF SYMBOLS IN FIGURES 
= axostyle 
AF = anterior flagellum 
B = bacterium 
C = costa 
Ca = capitulum 
ER = endoplasmic reticulum 
G = Golgi complex 
Gl = glycogen 
K = kinetosomes 
L = lysosomes 
N = nucleus 
nm = nuclear membrane 
OB = osmiophilic bodies 
p = paraxostylar and paracostal granules 
Pe = pelta 
PF = parabasal fibers 
PM = plasma membrane 
pro = PAG-PCG nucleoid 
PV = phagocytic vacuole 
RF = recurrent flagellum 
V = vacuole 
T = tetrazolium 
UM = undulating membrane 
Figure 1. Schematic diagram of ultrastructure of trichomonads 

Figure 2. Ultrastructure of the paraxostylar and paracostal granules 
(p) in Tritrichomonas suis. Glutaraldehyde and OsO^  fixation. 
Uranyl acetate and lead citrate staining. Fixation control 
prepared with catalase localization sample shown in Figure 3. 
2k.  Micrograph showing paraxostylar granules near cross-
sectioned axostyle, and one paracostal granule at lower 
left, with adjacent costa. Other usual ultrastructural 
features are the nucleus, Golgi complex, glycogen and 
scant endoplasmic reticulum. The PAG-PCG display a 
uniformly granular matrix of moderate density, with a 
few 50 to 300A dense grains randomly distributed in the 
matrix. The diameters of these PAG-PCG are 0.6 and 0.8 
micron. (T. suis. PAG-PCG average .75y in diameter.) 
The limiting membrane is a single dense line of 80-85A, 
except for short lengths of "splitting" into two dense 
lines which measure variously 50 to 85A each. Mag. 
24,000 X. 
2B. Splits in the 85A PAG-PCG membrane are approximately 
0.15 micron in length, and both dense lines of the split 
measure 85A also. Diameters of the sharply outlined PAG-
PCG are 0.9 and 0.8 micron. Mag. 24,000 X. 
2C. Electron-transparent spaces are located in the matrix of 
the PAG-PCG just under the membrane (arrows) which may . 
be related to the "splits" in the limiting membrane in 
A, B, and D. The upper arrow indicates tangential sec­
tion of such a matrix space. Closely associated with a 
compact lamellar golgi, separate from the more typical 
golgi complex also seen, (G) are 0.13-0,16 micron spheri­
cal bodies (L). These latter bodies resemble lysosomes 
described by Nielsen (1970) as sites of acid phosphatese 
activity in vaginalis. Such organelles are not very 
common in sections of trichomonads. Mag. 24,000 X. 
2D. Ribosomes are attached to the external nuclear membrane 
and ER, and are free in the cytoplasm, but are not 
associated with the membranes of the PAG-PCG. Mag. 
24,000 X. Insert. Higher magnification of paraxostylar 
granular in curve of axostyle. Arrow indicates a 4OA fibril 
or membrane in the matrix. PAG-PCG "split" membranes 
are 80A in width, and the remainder of the limiting mem­
brane is the same width. Mag. 37,000 X. 
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Figure 3. "Peroxisomal" catalase localization (Beard and Novikoff, 1969) 
in 2" suis. Glutaraldehyde fixation before cytochemical incu­
bation, with OsO^  postfixation. No uranyl acetate or lead 
staining used. 
3A. Maximal catalase reaction resulting from incubation of 
prefixed organisms at pH 9.0 with DAB and hydrogen peroxide. 
Irregular areas of increased density (nucleoids) are 
apparent in PAG-PCG. The larger nucleoids in these PAG-
PCG display dense margins and less dense centers. 
(arrows). Mag. 20,000 X. 
3B and 3C. The majority of organisms from this preparation 
showed only slight suggestions of nucleoids of increased 
density in the PAG-PCG (arrows). Mag. 24,000 X. 

Figures 4-12. Catalase localization with incubation of unfixed cells in 
DAB and hydrogen peroxide in suis. OsO^  fixation. No 
uranyl acetate or lead staining. 
Figure 4. Fixation and no-substrate controls incubated at pH 6.0. 
4A. Fixation control incubated without DAB or hydrogen 
peroxide. The cell displays a nucleus, Golgi, ER 
around the nucleus, and several PAG-PCG. After OsO, 
fixation at pH 6.0, PAG-PCG nucleoids of slightly 
greater density than the organelle matrix are occa­
sionally visable. A sectioning defect, to be dis­
tinguished from cytochemical depositions in these 
samples, produces increased electron density by com­
pression at the edges of the cell and some cellular 
structures, (arrows.) Mag. 12,000 X. 
4B. Higher magnification of 4A, showing the close asso­
ciation of ER with PAG-PCG. At the arrow, a circular 
profile of membrane is completely enclosed in a PAG 
membrane. This organelle also exhibits electron 
transparent areas in the matrix material immediately 
beneath the limiting membrane. Mag. 26,000 X. 
4C. Fixation control as in 4A. A faint nucleoid in a 
paraxostylar granule is indicated by the arrow. 
Osmiophillic bodies (OB) were observed more commonly 
in 2' suis than in 2» vaginalis or 2» gallinae. These 
may be lipid-rich structures with a storage function, 
or phagocytic residual bodies. Mag. 20,000 X. 
4D. No-substrate control incubated with DAB, but no added 
hydrogen peroxide, at pH 6.0. Arrows indicate nuc­
leoids in paraxostylar granules. Various types of 
osmiophilic bodies (OB) are present in this cell. Mag. 
12,000 X. 
4E. No-substrate control as in 4D. Some of the nucleoids 
in PAG-PCG are indicated by arrows. Golgi membranes 
exhibit low contrast in the absence of lead staining. 
Mag. 12,000 X. 
4F. Higher magnification of 4E. The paraxostylar granule 
at the arrow has a finger-like extension into the 
cytoplasm, which may be a connection with ER. Mag. 
20,000 X. 
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Figure 5. Catalase localization at pH 6.0 in suis. 
5A. Organism incubated live with DAB and hydrogen peroxide 
for localization of catalase. The density of PAG-PCG 
nucleoids is increased over no-substrate controls 
incubated without hydrogen peroxide. Cytoplasmic density 
is also increased; the arrow indicates an irregular area 
of increased density well inside the nuclear membrane. 
The latter effect may reflect precipitation of chromatin 
from the nuclear material, or may be related to the 
presence of peroxidase in this location (see Figure 29). 
Mag. 18,000 X. 
5B. Cell showing catalase localization as in 5A. Nucleoids 
nearly fill the paraxostylar granule profiles in the 
curve of the axostyle here. Mag. 18,000 X. 
5C. Cell showing catalase localization as in 5A and 5B. 
Dense nucleoids are present in PAG-PCG. Arrows indicate 
areas of increased density outside the PAG-PCG, in the 
nucleus and near the Golgi; another hydroperoxidase, 
also capable of the oxidation of DAB with hydrogen 
peroxide, may be present at these sites (see Figure 
29). Mag. 18,000 X. 
5D and 5E. PAG-PCG nucleoids enhanced by DAB-hydrogen peroxide 
live incubation. Substructure in the nucleoids is not 
evident. Mag. 30,000 X. 
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Figure 6. Catalase-localization inhibitor controls for live incubations 
at pH 6.0, in 2» suis. 
6A. 2" suis cell incubated with DAB, hydrogen peroxide and 
0.01 N KCN. The nucleoids of PAG-PCG are intermediate in 
density between no-substrate controls (Figure 4) and the 
catalase localization samples (Figure 5). Dense PAG-PCG 
matrix grains are prominent in many organisms of this 
sample. Glycogen is not electron transparent as it was 
observed to be in other samples prepared at pH 6.0. 
Osmiophilic bodies, also observed in fixation controls 
(Figure 4), are present. Mag. 18,000 X. 
6B. Cyanide inhibition control. Golgi lamellae are low in 
contrast. Mag. 22,000 X. 
6C. Cyanide inhibition control. Dense matrix grains are not 
present in the PAG-PCG. Mag. 18,000 X. 
6D and 6E. Aminotriazole inhibition of cytochemical deposi­
tion of DAB in the presence of hydrogen peroxide. The 
nucleoids of the PAG-PCG are comparable in density to 
those of no-substrate controls, and less dense than 
nucleoids in catalase localization specimens and cyanide 
inhibitor controls. Mag. 18,000 X. 
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Figure 7. Fixation controls prepared with live incubated catalase 
localization samples at pH 7.5, in 2» suis. 
7A. Cell incubated in complete catalase localization medium 
(DAB and hydrogen peroxide) for comparison to the fixa­
tion controls. The PAG-PCG nucleoids are prominent, 
Mag. 12,000 X. 
7B. Fixation control showing the appearance of nucleoids 
after incubation of the unfixed cells in buffer only and 
fixation in OsO^ . Nucleoids are visible in the PAG-PCG, 
but are low in density (arrows). Mag. 12,000 X. 
7C. Fixation control showing the highest level of nucleoid 
density observed in this control. Mag. 12,000 X. 
7D. Typical organism found in the fixation control at pH 
7.5. Anterior end of the cell with several PAG-PCG. 
Mag. 20,000 X. 
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Figure 8. Catalase localization no-substrate control for live incubation 
at pH 7.5, in 2- suis. 
8A. Catalase localization incubated cell, exposed to both 
DAB and hydrogen peroxide, for comparison with no-substrate 
control organisms in the other micrographs in this figure. 
Large nucleoids and reticular "mottling" of the matrix 
with denser material are visible in all three PAG-PCG. 
Mag. 20,000 X. 
SB and SC. No-substrate control, incubated live with DAB 
but no hydrogen peroxide. These two micrographs were 
printed without the Marx modification of Kodak Dektol for 
increased contrast used for the other micrographs in this 
figure. Mottle (see text) in the PAG-PCG matrices is 
occasionally seen in such samples. Mag. B = 12,000 and 
C = 20,000 X. 
8D, 8E, and 8F. No-substrate controls showing the highest level 
of density, size and frequency of PAG-PCG nucleoids ob­
served in this type of control. Density of these nucleoids 
in a comparatively few cells of the no-substrate sample 
approximated catalase localization specimens; endogenously 
produced hydrogen peroxide could account for this obser­
vation. On the other hand, low density nucleoids were 
very rare in catalase localization samples. Mag. 20,000 X. 
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Figure 9. Catalase localization aminotriazole inhibitor control of live 
incubations at pH 7.5, in 2- suis. 
9A. Survey of four DAB-hydrogen peroxide incubated catalase 
localization specimens. PAG-PCG with dense nucleoids 
are visible in three cells. Mag. 11,000 X. 
9B-9E. Aminotriazole inhibition controls (0.2 M 3-amino-l,2,4-
triazole) added to the DAB-hydrogen peroxide con­
taining medium incubated at pH 7.5. PAG-PCG exhibit 
few evidences of any nucleoids (arrows). Wliile the 
other samples of pH 7.5 incubated organisms fixed in 
the same manner (OsO^  only) appear well preserved, the 
PAG-PCG of aminotriazole-containing samples were swol­
len, and the matrices apparently extracted. The limit­
ing membranes of these organelles have assumed irregular 
outlines, and the range of the diameter (average of per­
pendicular axes in the organelle) has increased from 
0.5-0.9 (average .6p) to 0.6 to 1.2 (average .75p) 
micron. The matrix material of the PAG-PCG is vacuolate 
and drawn away from the limiting membrane. Flagellar 
profiles are included in several of the micrographs for 
comparison of magnifications. Mag. 11,000 X. 
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Figure 10. Catalase localization by live incubation at pH 7.5 in 2» suis. 
lOA. Higher magnification of an organism in Figure 8A, 
showing the anterior end of the axostyle (capitulum 
and pelta). The arrow indicates fibrilar or membraneous 
substructure in the matrix of a paraxostylar granule 
not associated with detectable DAB deposition. The 
other nucleoids visible after amorphous DAB deposition 
do not exhibit a distinct paracrystalline substructure 
at the magnification and section thickness used here. 
Segments of ER are high in contrast in the absence of 
lead staining. Mag. 45,000 X. 
lOB. Catalase localization in a cell showing an apparent 
continuity of the membrane of a paraxostylar granule 
and the outer nuclear membrane, at the large arrow. Con­
tinuities of the membranes of PAG-PCG and ER are often 
observed, but this is the single instance of an obser­
vation of a connection of the PAG-PCG with the outer 
nuclear membrane. Small PAG at upper right has mem­
braneous inclusions. Small arrow indicates beaded, or 
coiled structure in a nucleoid. Mag. 45,000 X. 
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Figure 11. Gatalase localization by live incubation at pH 7.5 in T^ . suis. 
IIA. DAB-hydrogen peroxide exposed cell exhibiting amorphous 
nucleoids. A small paraxostylar granule at lower right 
has a very dense deposit at the margin of the nucleoid, 
(arrow) Mag. 40,000 X. 
IIB. Paraxostylar granule profiles in the axostylar curve. 
The matrix of the organelle appears mottled with 
denser material around the nucleoid. Mag. 26,000 X. 
lie. Higher magnification of a serial section of IIB, showing 
that a nucleoid may be visible only in some of the 
sections of the PAG-PCG it occupies. The nucleoid in 
this micrograph has a dense margin and less dense cen­
ter, with a suggestion of a beaded internal substruc­
ture. Mag. 40,000 X. 
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Figure 12. Catalase localization with live incubation at pH 8.2, in 2-
suis. 
12A, 12B, 12C, and 12D. Organisms incubated with DAB and 
hydrogen peroxide at pH 8.2 (phosphate buffer). 
Nucleoids of PAG-PCG observed in samples prepared 
at pH 6.0 and 7.5 are not found after incubation at 
this pH. Diffuse dense material "mottles" the matrices, 
however. Smaller, more numerous PAG-PCG with promi­
nent dense matrix grains and PAG-PCG membrane "splits" 
(arrows) were characteristic of this group of suis 
samples. Diameters of spheroid paragranules range 
from 0.45 to 0.7 micron. Golgi and nuclear membranes 
are low in contrast. 12C and 12D display nuclei con­
taining dense patches of material. These areas may be 
chromatin material, or may reflect the localization of 
another hydroperoxidase (see Figure 30). Magnification 
20,000 X. 
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Figures 13-18. Catalase localization with DAB-hydrogen peroxide in 
unfixed cells of vaginalis. OsO^  fixation. Lead 
citrate staining of sections in some micrographs as 
indicated. 
Figure 13. Fixation controls of catalase localization with pH 7.5 
live incubation, in vaginalis. 
13A. Survey of organisms from the fixation control 
showing the absence of PAG-PCG nucleoids in this 
species after fixation in OsO, at pH 7.5. Mag. 
8,000 X. 
13B. Typical fixation control PAG-PCG. Mag. 24,000 X. 
13C. Survey of no-substrate control incubated live 
with DAB at pH 7.5. The PAG-PCG now display a 
few very small, quite dense nucleoids (arrows). 
Average diameter of PAG-PCG is 0.55p (range 
0.3-0.8;). Mag. 12,000 X. 
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Figure 14. No-substrate controls of live incubation catalase localization 
at pH 7.5 in vaginalis. 
14A, 14C, and 14D. Higher magnification of a cell in Figure 
13C, showing the small nucleoids at arrows, resulting 
from incubation with DAB but no hydrogen peroxide. 
Mag. 18,500 X. 
14B. Golgi membranes typical of no-substrate controls, 
exhibiting low contrast. Mag. 12,000 X. 
14E. Organism from an identical no-substrate sample, in 
which the glycogen accumulations adsorbed OsO^  or DAB. 
The increase in density of the glycogen is therefore 
not dependent on the presence of hydrogen peroxide in 
the incubating medium. Mag. 18,500 X. 
14F. Same sample as E. stained with lead citrate. (Venable 
and Coggeshall, 1965). Mag. 18,550 X. 
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Figure 15. Catalase localization with live incubation at pH 7.5 in 
vaginalis. 
15A and 15B. Preparations incubated with DAB and hydrogen 
peroxide for localization of the enzymatic activity of 
catalase. PAG-PCG contain more, much larger, and 
usually denser nucleoids than did the no-substrate 
controls (arrows). Glycogen accumulations are 
electron transparent in these cells. Mag. 8,000 and 
12,000 X. 
15C. Catalase localization preparation as in 15A and 15B, 
but most cells display some glycogen density. Organisms 
at left shows extensive cytoplasmic osmiophilia. This 
is perhaps due to leakage of catalase into the cyto­
plasm of a cell dead before the cytochemical incubation. 
Arrows indicate some of the nucleoids of PAG-PCG in 
this survey micrograph. Mag. 12,000 X. 
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Figure 16. Catalase localization with live incubation at pH 7.5 in 2» 
vaginalis. Lead citrate staining. 
16A. Survey of catalase localization sample. PAG-PCG 
nucleoids are indicated by arrows. Nucleus at lower 
left is contaminated by lead stain artifact. Mag. 
8,000 X. 
16B and 16C. Catalase localization preparation exhibiting 
PAG-PCG nucleoids characteristic of this sample. 
Arrows indicate nucleoids; other PAG-PCG are "mottled" 
with diffuse, reticular-appearing, dense material in 
the matrices. Mag. 15,000 X. 
16D. Higher magnification of organism in 16A survey micro­
graph, showing size and density of PAG-PCG nucleoids. 
Mag. 18,500 X. 
16E. Catalase localization in 2» vaginalis. Nucleoids of 
the PAG-PCG do not have sharply defined margins, but 
rather appear to be continuous with more diffuse dense 
material extending throughout the matrix of the 
organelle. Mag. 20,000 X. 
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Figure 17. Catalase localization by live incubation at pH 7.5 in 2» 
vaginalis. Lead citrate staining. 
17A. Diffuse reticular dense material in matrices of PAG-
PCG of a cell incubated for localization of catalase. 
Compact opaque nucleoids are absent, at least from this 
section. PAG-PCG membranes are 65A. At the right of 
the micrograph, cytoplasmic membranes (ER) are closely 
associated with a paraxostylar granule. Mag. 40,000 X. 
17B. Large dense nucleoids appear in all the PAG-PCG of 
this cell incubated for catalase localization. Beaded 
or coiled substructure in the nucleiods is apparent; 
paracrystalline structure was not seen. Mag. 60,000 X. 
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Figure 18. Aminotriazole inhibition of catalase localization in 
vaginalis. Lead citrate stained. 
Figure ISA, 18B, IBC, and 18D. Organisms incubated with 
DAB, hydrogen peroxide, and 0.2 M aminotriazole 
(specific catalase inhibitor). No PAG-PCG nucleoids 
or matrix-mottling by dense material are observed, 
providing evidence that the enzyme catalase is 
responsible for DAB deposition in this organelle. 
In this particular sample, the limiting membranes of 
the PAG-PCG have the appearance of possession of 
"pores" of uniform size and spacing. The single 
dense line of the limiting membrane (65-75A) "splits" 
into two dense lines (40-50A). This type of membrane 
complexity was occasionally seen in other samples of 
this series (Figure 16B). Swelling of the PAG-PCG 
seen in 2» suis aminotriazole treated controls 
(Figure 9) was not noted in vaginalis. PAG-PCG 
average diameter in these micrographs is 0.6y (range 
.35-.75). Mag. 20,000 X. 
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Figure 19. Aminotriazole inhibition of catalase localization in 
vaginalis. 
19A. Unstained aminotriazole inhibition control showing 
lack of glycogen density (from nonenzymatic adsorb-
tion of DAB or OsO^ ) observed in the sample from 
which Figure 18 and 19B, 19C, 19D and 19E were 
selected. Mag. 12,000 X. 
19B. Unstained aminotriazole inhibition control showing 
glycogen density. Mag. 12,000 X. 
19C. Survey of aminotriazole inhibition sample shown in 
Figure 18. The membrane complexity observed in this 
sample was visible in all the cells. Lead citrate 
stained. Mag. 12,000 X. 
19D and 19E. Higher magnifications of Figures IBD and IBB. 
The PAG-PCG limiting membrane between "pores" measures 
65-75A, while the "split" membrane segments measure 
40-45A. Unit membrane structure can not be identified 
in these micrographs. Mag. 46,000 X. 
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Figures 20-24. Peroxidase localization in gallinae. Fixation in 
glutaraldehyde and OsO^  after cytochemical incubation. 
Staining with uranyl and lead stains in Figure 22B, 
22C, 22D and 22E only. 
Figure 20. Peroxidase localization after incubation with dipheny-
lamine Nadi reagents and hydrogen peroxide, at pH 7.5, 
in gallinae. 
20A. Organism showing peroxidase localization in PAG-
PCG, Golgi, and nuclear membrane. Mag. 12,000 X. 
20B. Organism showing peroxidase localization asso­
ciated with the nuclear membrane, Golgi, PAG-PCG, 
and cytoplasmic vesicles (arrows). Mag. 26,000 X. 
20C. Cell displaying peroxidase localization cyto­
chemical deposits in PAG-PCG, Golgi lamellae, and 
ER (arrow). Mag. 26,000 X. 
20D. Peroxidase localization in PAG-PCG, nuclear mem­
brane, and ER. Electron transparent spaces are 
observable in several places near the limiting 
membranes of the PAG-PCG. Diameters of PAG-PCG 
in 20A, 20B, 20C, and 20D average 0.4p (range 
0.3y-0.5y). Mag. 26,000 X. 
20E. Organism from an older culture, in which most 
cells were nearly filled with glycogen accumu­
lations, except for islands of cytoplasm around 
the nucleus and the periphery of the cell, shows 
peroxidase localization in the same sites as cells 
with little glycogen. Cytochemical deposits are 
present in the nuclear membrane, ER, Golgi 
lamellae, cytoplasmic vesicles, and PAG-PCG. 
Mag. 26,000 X. 
20F. Organism from the same sample as 20D, showing 
peroxidase localization between the membranes of 
the nuclear envelope. Mag. 42,000 X. 
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Figure 21. Peroxidase localization in gallinae. 
21A. Survey of organisms showing typical reaction after 
incubation with diphenylamine Nadi reagents and 
hydrogen peroxide. Mag. 8,000 X. 
21B. Peroxidase localization principally in the PAG-PCG. 
1 and 2 are possibly degenerating PAG-PCG, with re­
sidual activity revealed. Phagocytic vacuoles (PV) 
may be autophagic vacuoles. Cup-shaped indentations 
in PAG-PCG (arrows) appear as circular loops of mem­
brane inside PAG-PCG profiles when cross-sectioned. 
Mag. 12,000 X. 
21C. Survey of organism showing peroxidase localization, 
principally in PAG-PCG. Mag. 12,000 X. 
21D. Serial section of C. Paracostal granules in a peroxi­
dase localization cell. Some of these organelles lack 
the very dense deposits produced by the Nadi reaction; 
organelle at the arrow has an unreactive nucleoid. 
Mag. 20,000 X. 
21E. Higher magnification of D showing membrane elaborations 
associated with reaction product deposition (arrows). 
Mag. 30,000 X. 
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Figure 22. Peroxidase localization with Nadi reagents in high glycogen 
content gallinae. 
22A. Cell with massive accumulation of glycogen incubated 
for localization of peroxidase. PAG-PCG, Golgi mem­
branes, and ER are quite reactive. The level of 
enzyme content is comparable to, or higher than the 
level of most cells containing less glycogen. Glycogen 
accumulations are electron dense in the absence of lead 
staining. Fixation controls without Nadi reagents had 
electron dense glycogen also (Figure 23B). Mag. 12,000 X. 
22B. Same sample as 22A, with section stained with lead 
citrate. Cytoplasm is confined to "islands" around 
the PAG-PCG, Golgi, and nucleus, and to the periphery 
of the cell under the plasma membrane, with the rest 
of the cell body occupied by glycogen. Presence of 
hydrogen peroxide-dependent cytochemical depositions 
in the Golgi of these "old" cells suggests the possi­
bility that peroxidase is functional in this site, 
rather than being packaged into PAG-PCG in the Golgi 
during growth. Mag. 12,000 X. 
22C. Serial section of the cell in A, stained with lead 
citrate. A very large deposit is associated with the 
nuclear membrane (sectioned tangentially). Cyto­
chemical deposits are completely contained within 
the membranes of PAG-PCG; no nucleoid-like densities 
are seen in the PAG-PCG matrix material. Mag. 28,800 X. 
22D. Another serial section of A and C, stained with lead 
citrate. Golgi localization is principally at the ends 
of lamellae and the convex face. At arrows (see serial 
sections), the PAG-PCG are closely associated with the 
Golgi complex. Mag. 28,800 X. 
22E. Peroxidase localization on the nuclear membrane, and in 
PAG-PCG of another high glycogen content cell. Elec­
tron transparent spaces in the PAG-PCG matrix material, 
and "splits" in the limiting membrane were observed in 
the preparation. Mag. 28,800 X. 
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Figure 23. Fixation and no-substrate controls of peroxidase localiza­
tions in 2' gallinae. 
23A. Fixation control incubated in pH 7.5 buffer without 
Nadi reagents or hydrogen peroxide. Glycogen accumula­
tions are not electron transparent; this probably 
reflects adsorption of OsO^  not observed in the 
peroxidase localization samples of the same experi­
mental group (Figure 20A, 20B, 20C, and 20D). Mag. 
8,000 X. 
23B. Fixation control showing typical PAG-PCG without 
nucleoids. These organelles have a few dense matrix 
grains. Mag. 12,000 X. 
23C. Fixation control cell with electron transparent 
glycogen accumulations (control prepared with Figure 
20E and 20F samples). Golgi membranes, ER, nucleus, 
and PAG-PCG are typical of this control, exhibiting 
no dense deposits of the type seen in Figures 19 and 
20. Mag. 12,000 X. 
23D. No-substrate control incubated at pH 7.5 with Nadi 
reagents but no hydrogen peroxide. Numerous PAG-PCG 
in this micrograph lack dense cytochemical deposits 
and nucleoids. Phagocytic vacuoles in this cell show 
traces of possible cytochemical deposits (arrows). 
Mag. 8,000 X. 
23E. No-substrate control organism showing a low level of 
cytochemical deposition on membranes of PAG-PCG, ER, 
and the nucleus. Endogenous production of hydrogen 
peroxide could account for the reaction observed here. 
Mag. 12,000 X. 
23F. No-substrate control cells exhibiting the level of 
Nadi deposition observed in samples incubated without 
hydrogen peroxide. Cytochemical deposits are on 
membranes of PAG-PCG, nucleus, and in the contents of 
phagocytic (cannabalistic) vacuoles. Cells exhibiting 
interdigitation of plasma membranes were common in 
this sample. Mag. 12,000 X. 
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Figure 24. Cyanide inhibition control for peroxidase localization with 
Nadi reagents in gallinae. 
24A, 24B, 24C, and 24D. Cyanide control samples are incu­
bated with Nadi reagents, hydrogen peroxide, and 0.01 
N KCN (this concentration of cyanide would completely 
inhibit Nadi reagent oxidation by cytochrome oxidase). 
Typical reaction levels are pictured. Some inhibition 
is noted, but no sites of reaction were eliminated. 
Chromatin clumps in the nucleus seen in all cyanide 
treated cells were found in other samples less commonly 
(i.e. Figure 23 D and 23E); small dense deposits were 
occasionally found associated with the nuclear clumps 
in cyanide-treated cells (B). Mag. A = 8,000, B and C = 
12,000 X, and D = 20,000 X. 
24E and 24F. Peroxidase localization cells not treated with 
cyanide, for comparison with A, B, C, and D. Chromatin 
is clumped in these cells also; this may be associated 
with necrosis of these cells. Cytochrome oxidase is 
concluded not to be responsible for the cytochemical 
deposition of the Nadi reagents in these organisms, 
because of dependence on hydrogen peroxide substrate 
and resistance to cyanide inhibition. Mag. 12,000 X. 
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Figures 25-28. Peroxidase localization with diphenylamine Nadi reagents 
at pH 7.5 in T^ . vaginalis. Fixation in glutaraldehyde 
and OsO^ . No lead or uranyl acetate staining. 
Figure 25. Fixation control and no-substrate controls for peroxi­
dase localization in vaginalis. 
25A. Fixation control incubated in pH 7.5 phosphate 
buffer without Nadi reagents or hydrogen peroxide, 
showing a typical nucleus, Golgi, ER, and PAG-PCG 
(no nucleoids), in absence of cytochemical treat­
ment. Mag. 12,000 X. 
25B and 25C. No-substrate controls incubated with Nadi 
reagents but no hydrogen peroxide to illustrate 
the dependence of the cytochemical deposition on 
addition of hydrogen peroxide. No dense reaction 
product is found on membranes of nucleus, ER, 
Golgi, PAG-PCG, or phagocytic vacuoles. In each 
of these micrographs, two organisms are closely 
apposed with pseudopodial interdigitation; this 
phenomenom was only rarely observed in other 
samples, but was predominant in T. vaginalis and 
T. gallinae no-substrate Nadi samples. Mag. 
8,000 X. 
25D. No-substrate control cell, showing a possible small 
cytochemical deposit in a paracostal granule. 
Nucleoids of slightly greater density than the 
matrix material are visible in some PAG-PCG. Mag. 
12,000 X. 
25E. Peroxidase localization after incubation of the 
cell with Nadi reagents and hydrogen peroxide. 
Cytochemical reaction product is localized in 
PAG-PCG Golgi lamellae, and in cytoplasmic 
vesicles. Nucleoids are present in the PAG-PCG, 
but are not as dense as adjacent Nadi deposits. 
Mag. 12,000 X, 
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Figure 26. Peroxidase localization with Nadi reagents in vaginalis. 
26A. Survey of typical organisms in samples incubated with 
Nadi reagents and hydrogen peroxide for peroxidase 
localization. Phagocytic vacuoles were very numerous; 
cannabalism is evident from the content of the vacuoles, 
and the absence of any observed bacterial contamination. 
PAG-PCG from broken cells exhibit reaction product 
(arrow). Nuclear membranes, Golgi, PAG-PCG, and con­
tents of phagocytic vacuoles are reactive. Mag. 8,000 X. 
26B. Organism from survey micrograph at higher magnification. 
Phagocytic vacuoles apparently contain PAG-PCG. Tan­
gential section of the nuclear membrane with pores is 
reactive. Mag. 12,000 X. 
26G. Peroxidase localization on nuclear membrane. Mag. 
12,000 X. 
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Figure 27. Peroxidase localization with Nadi reagents in 2- vaginalis. 
27A, 27B, 27C, 27D, and 27E. Peroxidase localization in 
PAG-PCG, Golgi, and cytoplasmic vesicles, after incu­
bation with Nadi reagents and hydrogen peroxide. PAG-
PCG often exhibit nucleoids, which are not associated 
with the very dense cytochemical deposits. In A, a 
dumbell-shaped paraxostylar granule is indicated by 
an arrow. Micrograph E shows a poorly fixed, or de­
generate in culture, organism, illustrating the 
association of the cytochemical depositions with the 
membranes of PAG-PCG, Golgi, and nucleus. Mag. A and 
B = 12,000 X, C and D = 18,000 X, and E = 15,000 X. 
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Figure 28. Aminotriazole treatment of peroxidase-localization cells 
of 2' vaginalis» 
28A. Organism incubated with Nadi reagents, hydrogen 
peroxide, and 0.2 M aminotriazole (specific catalase 
inhibitor). PAG-PCG, Golgi lamellae, ER, and cyto­
plasmic vesicles are quite reactive. Nucleoplasm 
and nuclear envelope are unreactive here. The 
cytoplasm exhibits fine-grained opaque material. 
"Splits" in the single dense line limiting membrane 
of the PAG-PCG are numerous, (arrows) and nucleoids 
are visible, but not highly reactive. Mag. 20,000 X. 
28B. Aminotriazole treated cell, with Golgi, ER, and PAG-
PCG sites of cytochemical deposition. The "split 
membranes" of the PAG-PCG, and the cytoplasmic grain-
iness are absent from this cell. Mag. 20,000 X. 
28C. Aminotriazole-treated cell similar to A. The amount 
of reaction product in the typical cell from this 
sample was equal to or greater than cytochemical 
deposits of the peroxidase-localization organisms, 
Mag. 20,000 X. 
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Figures 29-32. Peroxidase localization with diphenylamine Nadi reagents 
in 2" suis. Fixation in OsO^ . No lead or uranyl acetate 
staining. 
Figure 29. Peroxidase localization and no-substrate controls with 
Nadi reagents at pH 6.0 in 2- suis. 
29A. Organism incubated before fixation, with Nadi 
reagents and hydrogen peroxide in pH 6.0 phosphate 
buffer. Sites of localization of peroxidase are 
PAG-PCG, on the membranes and nucleoids (arrows); 
cytoplasmic vesicles; Golgi lamellae; and in the 
membraneous tubules (ER) extending into the 
undulating membrane (UM). Glycogen accumulations 
are small, and electron transparent, in the 
organisms used in these experiments. Mag. 20,000 X. 
29B. Peroxidase localization organism showing lower, 
more usual level of Nadi cytochemical deposition 
of the pH 6.0 than A. Large, droplet-like deposits 
of the reaction product, as seen in this micrograph-
may obscure the site of Nadi oxidation. Mag. 
26,000 X. 
29C. No-substrate control incubated at pH 6.0 with Nadi 
reagents but no hydrogen peroxide, to determine 
dependence of the observed cytochemical deposi­
tion on the presence of substrate. PAG-PCG and 
Golgi are free of reaction product. Osmiophilic 
bodies (arrow) are also found in fixation controls 
(Figure 4A, 4B, and 4C), thus are not sites of Nadi 
deposition. PAG-PCG have prominent nucleoids, 
without the very dense deposits of the Nadi cyto­
chemical reaction, after fixation in OsO,. Mag. 
26,000 X. 
29D. No-substrate control organism, showing absence of 
cytochemical deposits on membranes of nucleus, 
Golgi, ER, and small cytoplasmic vesicles. Small 
amounts of reaction product are found on membranes 
of PAG-PCG, and an apparent phagocytic vacuole 
(arrow). Mag. 26,000 X. 
« 
144 
«a 
Figure 30. Peroxidase localization with Nadi reagents at pH 7.5 in 
suis. 
30A. Cell showing peroxidase localization after incubation 
with Nadi reagents and hydrogen peroxide at pH 7.5 
(phosphate buffer). An extensive reticular network 
of PAG-PCG and associated ER is highly reactive. 
Apparent ER connections with PAG-PCG limiting membranes 
are indicated by arrows. The nuclear envelope, Golgi, 
and cytoplasmic vesicles are also sites of peroxidase 
localization. Cytochemical deposition is greater at 
this pH than at pH 6.0. Mag. 20,000 X. 
30B. Peroxidase localization at pH 6.0, in the nuclear enve­
lope, PAG-PCG, vacuolar content, and the ER of the 
"chromatic ring" associated with the small cross-
sectioned axostylar profile (posterior end). The typi­
cal "peroxidase pattern" of cytochemical deposition is 
present at both pH values tested. Mag. 20,000 X. 
30C. Organism incubated for perosicase localization at pH 
7.5. Cytochemical dense deposits follow the external 
side of "split" membrane segments of the limiting 
membrane of the PAG-PCG. Mag. 26,000 X. 
30D. Organism incubated for peroxidase localization at pH 
7.5. The nuclear envelope, cytoplasmic vesicles, and 
membranes of the PAG-PCG are peroxidase positive. The 
membraneous tubules extending into the undulating mem­
brane (ER) and part of the membranes of flagella are 
also slightly reactive. Cisternae of the ER inter­
connect nearly all PAG-PCG profiles in this micrograph. 
Mag. 26,000 X. 
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Figure 31. Cyanide inhibition of peroxidase localization at pH 7.5 in 
T. suis. 
31A. Cell incubated for peroxidase localization. Reactive 
sites include membranes of PAG-PCG, Golgi, ER, nucleus, 
and various sizes of cytoplasmic vesicles and phagocytic 
vacuoles. The peroxidase of the latter may be derived 
from cannibalized cells, or autophagic processes. 
Arrows indicate undulating membrane tubules, which may 
be extensions of ER which are reactive; the flagellar 
membrane also appears to be reactive. Mag. 20,000 X. 
31B and 31C. Organisms incubated with Nadi reagents, hydro­
gen peroxide and 0.01 N KCN (complete Inhibition of 
cytochrome oxidase Nadi reaction would be expected 
with this concentration of cyanide). The amount of 
reaction product is reduced, but sites of localization 
are the same. Mag. 20,000 X. 
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Figure 32. Aminotriazole treatment of peroxidase localization cells at 
pH 6.6 in 2" suis. 
32A and 32B. Cells incubated with Nadi reagents and hydrogen 
peroxide, with acetic acid rather than ethanol used as 
Nadi reagent vehicle. (Other samples for all species 
used ethanol vehicle.) Cytochemical reaction product 
is found in same sites as in organisms incubated at pH 
6.0 and 7.5 (Figure 29, 30 and 31). Tubules of the 
undulating membrane are indicated (UMT) in A. Glycogen 
accumulations are electron dense in these preparations. 
Mag. 20,000 X. 
32C and 32D. (These negatives were photographed at the same 
time and developed and printed in the same manner as A 
and B.) Cells incubated with Nadi reagents (acetic 
acid vehicle), hydrogen peroxide, and 0.2 N aminotriazole. 
Level of cytochemical deposition, and general contrast 
of the cell are both increased, compared to the perox­
idase localization samples. Peroxidase positive sites 
are the same. PAG-PCG have vacuolate matrix material, 
in otherwise well-preserved cells (see aminotriazole 
controls of DAB-catalase cytochemistry—Figure 9). 
Nuclear envelopes were slightly reactive in these cells. 
The plasma membrane also appeared to have cytochemical 
deposition associated with it. The large aggregations 
of droplet-like deposits found at pH 6.0 and 7.5 with 
ethanol-dissolved Nadi reagents were not seen in these 
samples. Notable unreactive structures are 0.1-0.15 u 
spherical bodies (arrows in D) such as described by 
Nielsen (1970) as acid phosphatase positive lysosomes 
in T. vaginalis. Mag. 20,000 X. 
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Figures 33-37. Flavoprotein oxidase localization with Tetra Nitre Blue 
Tetrazolium (TNBT) in T. gallinae. Glutaraldehyde and 
OsO^ fixation. Lead and uranyl acetate staining omitted. 
Figure 33. Flavoprotein oxidase localization by TNBT reduction with 
endogenous substrates at pH 7.0 in T. gallinae. 
33A. Fixation control cell incubated in phosphate buffer 
without TNBT. PAG-PCG have finely granular matrix 
material; a slightly more dense inclusion is indi­
cated by the arrow. Mag 24,000 X. 
33B. Survey of sample incubated in buffer with TNBT. 
Dense deposits of formazan are located at the mar­
gins of the PAG-PCG (arrows). Other dense parti­
cles are contained in phagocytic vacuoles and ad­
sorbed to the plasma membrane; these particles are 
apparently undissolved TNBT that has not been re­
duced to formazan (T). Partial dissolution of the 
TNBT in the embedding medium presents a spread 
appearance of the unreacted particles. Contaminat­
ing bacteria contain formazan deposition, princi­
pally at the cell membrane. Mag. 8,000 X, 
33C. Cell incubated with TNBT showing typical level of 
formazan deposition. The limiting membranes of 
nearly all PAG-PCG profiles exhibit cytochemical 
deposition. Mag. 24,000 X. 
33D. Flavoprotein oxidase localization with TNBT sample. 
Arrow indicates an uncommonly large cytochemical 
deposit. Unreacted TNBT ils observable in a nearby 
phagocytic vacuole, and the cytoplasm in the imme­
diate area is also increased in density. 
Mag. 24,000 X. 
33E. Same sample as B-D, dehydrated in acetone instead 
of ethanol. PAG-PCG membranes and Golgi membranes 
exhibit more contrast than ethanol dehydrated materi­
al. Tangential sections of PAG-PCG showing irregu­
lar shape of formazan deposits show the non-droplet 
nature of the deposits (arrow). Mag. 24,000 X. 
Insert. Formazan deposition appears to be over the 
membrane of the paraxostylar granule. The bleb-like 
elaboration ("split") of the boundary membrane 
appears to contain segments of membrane of "unit" 
structure. Membranes of the bleb and contained in 
it measure 80-85 A. Mag. 45,500 X. 
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Figure 34. Flavoprotein oxidase localization with TNBT at pH 6.0 in 
gallinae. 
Fixation control incubated with buffer only. Denser 
areas are visible in some PAG-PCG with the GA and 
OsO^ fixation used. Glycogen accumulations are some­
what electron dense in this sample, but not in samples 
incubated with TNBT (B-E), possibly due to adsorption 
of OsO^. Mag. 20,000 X. 
Specimen exposed for three hours to TNBT in buffer, with 
no added substrate. Acetone dehydration shown for com­
parison to the ethanol dehydrated sample illustrated in 
C, D, and E. Dense cytochemical deposits are located 
on the limiting membranes of the PAG-PCG. Mag. 20,000 X. 
34C-34E. TNBT reduction typical of cells incubated at pH 6.0, 
with nearly all deposits clearly associated with PAG-PCG 
membranes. Deposition is less than at pH 7.0. In D, 
some deposits are located outside of this membrane, but 
near PAG-PCG concentrations; these may be associated 
with PAG-PCG out of the plane of section (arrows). 
Mag. 20,000 X. Insert. Formazan deposition lies in the 
space between limiting membrane and the matrix material 
of a paraxostylar granule. Two diffuse formazan de­
posits are adjacent to the organelle and a segment of 
ER (arrows). Mag. 42,000 X. 
34A. 
34b. 
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Figure 35. Flavoprotein oxidase localization after depletion of 
endogenous substrates at pH 7.5 in T. gallinae. 
35A and 35B. Fixation controls incubated in phosphate buffer 
only. FAG-PCG membranes, and other cell membranes ex­
hibit little contrast (in the absence of heavy metal 
staining). Nucleoids are not observed in the matrices 
of the FAG-PCG, but a few dense grains of 100 to 300A 
are present. Glycogen accumulations have low electron 
density. Mag. 20,000 and 26,000 X. 
35C and 35D. Cells incubated with phosphate buffer and TNBT, 
with no substrate added. Endogenous substrates have 
not resulted in the deposition of formazan on the mem­
branes of the FAG-PCG, or elsewhere. Abundant glycogen 
remains. Undissolved TNBT particles are visible in 
the phagocytic vacuoles and other small (Finocytotic) 
vesicles. Glycogen density in these samples was 
varible. Mag. 20,000 X. 
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Figure 36. Flavoprotein oxidase localization with succinate as substrate 
after depletion of endogenous substrates in gallinae. 
36A. Cell incubated with TNBT and malonate, after sample was 
held in Ringers solution for 24 hours (fixation and no-
substrate controls in Figure 35). Few evidences of 
cytochemical deposition are found. Dense matrix grains 
are visible in the PA3-PCG. Mag. 12,000. Insert 20,000 
X. 
36B. Cell incubated with TNBT and succinate, showing formazan 
deposition at the PAG-PCG membranes (arrows). Staining 
with uranyl acetate and lead citrate used for this 
illustration. A dense nucleoid is included in the 
matrix material of a paraxostylar granule. Alpha 
granules of glycogen are visible. Mag. 20,000 X. 
36C-36E. Cells incubated with TNBT and succinate, but not 
stained with heavy metals. Dense deposits are found 
on the limiting membranes of the PAG-PCG. (arrows). 
Nucleoids are visible in many PAG-PCG, and the cyto­
plasm of some cells appears to exhibit granular density 
throughout, to the extent of obscuring ultrastructural 
detail. C. Mag. 20,000 X. D and E. 30,000 X. 
158 
|.-r  ^r • 
#% 
^ ^AseSÇ-
vc,. 
Figure 37. Flavoprotein oxidase localization with p-hydroxybutyrate and 
NAD as substrate after depletion of endogenous substrates in 
T. gallinae. 
37A-37D. Specimens incubated with TNBT and the substrate p-
hydroxybutyrate with NAD exhibit formazan depositions 
on the membranes of the PAG-PCG in most cells. Phago­
cytic vacuoles contain dense particles of unreacted 
TNBT not completely dissolved in the incubation medium. 
Glycogen accumulations are electron transparent. 
A. 12,000 X. B and C, 20,000 X., and D. 30,000 X. 
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Figures 38-40. Flavoprotein oxidase localization with TNBT at pH 7.5 in 
%. vaginalis. Fixation glutaraldehyde and OsO^. No 
uranyl acetate or lead staining used. 
Figure 38. Flavoprotein oxidase localization fixation and no-sub­
strate controls after depletion of endogenous substrates 
in 2- vaginalis. 
38A and 38B. Fixation controls incubated in phosphate 
buffer only, after depletion of endogenous sub­
strates by holding organisms in Ringers solution 
18 hours. Dense matrix grains in the PAG-PCG 
are few; glycogen accumulations, which are still 
substantial, are electron transparent. Mag. 
12,000 X and 26,000 X. 
38C-38E. Cells incubated with TNBT, without the addition 
of any substrate. Deposition of formazan is 
rarely seen (insert). Glycogen accumulations are 
electron dense. Matrix material of the PAG-PCG 
contains many small dense grains. C. 12,000 X., 
Insert. 20,000 X, D. 12,000 X. and E. 26,000 X. 
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Figure 39. Flavoprotein oxidase localization with succinate as substrate 
in 2" vaginalis. 
39A-39D. Serial sections of two organisms incubated with 
TNBT and succinate in phosphate buffer. Formazan de­
posits on the limiting membranes of the PAG-PCG are 
prominent. Deposits located at the arrows are of 
irregular, non-droplet shapes in serial sections (A 
and B). Deposits apparently not associated with PAG-
PCG may be associated with such organelles out of the 
plane of section (arrows in G and D). Increased 
granular density of the cytoplasm, as seen in 2-
gallinae TNBT-succinate treated organisms, is present. 
Few dense matrix grains in the PAG-PCG are visible. 
A and C Mag. 26,000 X., B and D Mag. 20,000 X. 
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Figure 40. Flavoprotein oxidase localization in vaginalis. 
40A-40C. Higher magnifications of PAG-PCG of cells in 
Figure 38. Cytochemical deposits appear to overlie 
the single dense line of the limiting membrane, rather 
than being located either inside or outside of it. 
The unstained PAG-PCG membranes measure 80A. A Mag. 
65,000 X., B and C Mag. 56,200 X. 
40D and 40E. P-hydroxybutyrate and NAD added as substrate 
during incubation with TNBT. Deposition of formazan 
observed in a few organisms on the membranes of the 
PAG-PCG, with frequency comparable to the no-substrate 
containing samples (Figure 38). Increase in cytoplasmic 
granular density was consistent through the sample. 
Mag. 26,000 X. 
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Figures 41-45. Flavoprotein oxidase localization with TNBT at pH 7.5 in 
T. suis. Fixation glutaraldehyde (some prefixed before 
cytochemical incubation) and OsO^. Uranyl acetate and 
lead citrate staining employed where indicated. 
Figure 41. Flavoprotein oxidase localization with NADH as substrate 
in T. suis. 
41A. T. suis. cell incubated with TNBT and NADH without 
"starving" in Ringers solution, exhibiting formazan 
deposits at arrows. Discrete deposits are found 
in or beside large spaces between matrix and boun­
dary membrane of PAG-PCG, while a uniform increase 
in the density and width of the whole boundary mem­
brane is observed where such spaces are absent. 
Membranes around flagellar profiles also exhibit 
some apparent reactivity (upper arrows). 
Mag, 12,000 X, 
41B-41D. Higher magnifications of PAG-PCG in A. In B 
limiting membranes measure lOOA. Dense matrix 
grains are prominent. G shows the relationship of 
the non-droplet formazan deposit to a submembrane 
space in a paraxostylar granule. D shows a large 
paraxostylar granule with reticular density through 
the matrix. Mag. 24,000 X. 
41E. T. suis incubated with TNBT, but no substrate, 
shows less evidence of cytochemical deposition. 
Submembrane spaces of the PAG-PCG lack formazan 
deposits, and the density of the PAG-PCG membranes 
is low- Mag. 18,000 X. 
41F. Higher magnification of a part of E. The membranes 
of these PAG-PCG are 80-85A. Mag. 24,000 X. 
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Figure 42. Flavoprotein oxidase localization with TNBT and NADH2 in 
T. suis. 
42A and 42B. Organisms incubated with TNBT only. PAG-PCG 
membranes exhibit low contrast compared to cells 
incubated with TNBT and NADHg. Mag. 20,000 X. 
42C-42F. T. suis incubated with TNBT and NADH^ show in­
creased density of the PAG-PCG membranes. Mem­
branes at the arrows display more cytochemical 
deposition and appear to be extensions of the limiting 
membranes of PAG-PCG. G and D. Mag. 20,000 and 
E and F. 36,000 X. 
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Figure 43. Flavoprotein oxidase localization with TNBT after prefixation 
with 2.5% glutaraldehyde before cytochemical incubation at 
pH 7.5 in 2" suis. A, B, and D uranyl acetate and lead 
citrate stained. 
43A. Fixation control held in buffer during incubation 
period. Cell membranes are low in contrast. Dense 
matrix grains of the PAG-PCG are few. Mag. 20,000 X. 
43B. Fixation control PAG-PCG, with densely stained glycogen 
adjacent. Mag. 26,000 X. 
43C. Unstained fixation control cell. Glycogen is electron 
transparent. Membranes of some PAG-PCG are occasion­
ally "split" into two dense lines; dense inclusions in 
the space between the two dense lines are sometimes 
found. Mag. 26,000 X. 
43D and 43E. No-substrate samples incubated with TNBT. 
Membranes of the cell are barely visible with lead 
citrate staining in D. In E, the location of the PAG-
PCG may be determined by the patterns of the charac­
teristic dense matrix grains. Symbols (p) are placed 
in the centers of the PAG-PCG profiles. In D, arrows 
indicate "splits" or intramembraneal spaces; in E, 
formazan deposits are indicated with arrows. These 
deposits are distinguished by slightly diffuse margins 
in the prefixed material. Mag. 32,000 X. 
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Figure 44. Flavoprotein oxidase localization with TNBT and NADH^ after 
prefixation with glutaraldehyde in jC. suis. 
44A. Organism incubated without substrate, showing level of 
formazan deposition usually exhibited. Section is not 
stained. Mag. 26,000 X. 
44B. Organism incubated with TNBT and NADH^. Paraxostylar 
granules in axostyle are reactive. Other formazan 
depositions also appear to be associated with PAG-PCG 
containing characteristic dense matrix grains. Mag. 
20,000 X. 
44c. High magnification of NADHg-TNBT incubated PAG-PCG. 
Formazan deposits may be diffuse as the result of 
disintergration of the incompletely fixed membrane 
during the long cytochemical incubation. Mag. 55,000 X. 
44D. Sample incubated with TNBT and NADH^ and stained with 
uranyl acetate and lead citrate. TNBT is adsorbed to 
the plasma membrane in many prefixed cells. Mag. 
18,000 X. 
44E. Formazan deposition in D organism indicated with arrows. 
Mag. 26,000 X. 
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Figure 45. Flavoprotein oxidase localization with TNBT and NADH- in 
prefixed suis. 
45A-45E. Cells incubated with TNBT and NADH^ for locali­
zation. of oxidase activity. Uranyl acetate and lead 
citrate staining used. Arrows indicate formazan 
deposits located at the boundaries of PAG-PCG pro­
files. Mag. 32,000 X. 
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Figure 46. Flavoprotein oxidase localization with TNBT and lactate in 
Z* suis. 
46A. No substrate control incubated with TNBT only. Gly­
cogen is electron transparent. PAG-PCG dense matrix 
grains are few. The costa has no dense particles 
adhering to it. Mag. 32,000 X. 
46B. Cell incubated with TNBT and lactate. Cross-sectioned 
costa and the membranes surrounding the recurrent 
flagellum (RF) are apparent sites of formazan deposi­
tion, Arrow indicates deposition in a paracostal 
granule. Glycogen accumulations of the cell are in­
creased in density over the no substrate control. 
Mag. 32,000 X. 
46C. Cell incubated with TNBT and lactate. Limiting membranes 
of the PAG-PCG are dense; a large dense deposit is 
associated with an electron transparent membrane-
bounded space in the matrix of a paraxostylar granule. 
The membrane of the recurrent flagellum and the periodic 
dense striations of the costa are sites of formazan 
deposition, while the nuclear membrane lacks such 
deposits. Arrows indicate formazan deposition. Mag. 
32,000 X. 
46D. Lactate substrate preparation shows the membrane sur­
rounding the flagellar axoneme and the surface of the 
costa are sites of formazan deposition. 
Mag. 50,000 X. 
46E. TNBT-lactate incubated cell. Internal flagellar mem­
branes and the costa are sites of formazan deposition. 
The vesicles at arrows may be pinocytotic vesicles, 
or PAG-PCG matrix spaces as in C. The large paraxostylar 
granule contains a membrane-bounded vesicle (trans­
verse section of an invagination) with content re­
sembling the cytoplasm. Mag. 32,000 X. 
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Figure 47. Membrane densities of the trichomonad PAG-PCG unrelated to 
enzymatic deposition of TNBT formazan by flavoproteins. 
Various non-standard fixations used (Appendix I and II). 
Uranyl acetate and lead citrate staining not used. Glycogen 
always exhibited electron opacity. 
47A and 47B. DAB incubation with hydrogen peroxide for 
localization of catalase in vaginalis. Fixation 
with OsO^ in cacodylate-Ringers solution. No TNBT 
was present. The Golgi, nuclear, and ER membranes are 
not affected. The densities appear to be droplet-like, 
and overlie the PAG-PCG membranes with a rather regular 
periodicity. Mag. 12,000 X. and 20,000 X. 
47C and 47D. TNBT experiment fixation control containing no 
TNBT, with vaginalis. 1:1 Ringers solution: phos­
phate buffer used as vehicle for both glutaraldehyde 
and OsO^. Membrane densities are rounded and appear 
to be exterior to the membrane. Mag. 26,000 X. 
47E. Nadi peroxidase localization fixation control of 2-
vaginalis. Ringers solution and 0.075 phosphate buffer 
used for fixation vehicles for both glutaraldehyde and 
OsO^. Mag. 32,000 X. 
47F. Higher magnification of E, showing the paraxostylar 
granule membrane separates the opaque mass from the 
matrix, and may surround it completely, as reported 
by Filardo (1970). Mag. 55,000 X. 
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DISCUSSION 
Gytochemical and Ultrastructural Evidence for the Presence 
of Peroxisomes in Trichomonads 
Gytochemical evidence presented in the preceding chapter provides 
new information concerning the site and nature of terminal oxidation in 
the amitochondrial flagellates Tritrichomonas suis. Trichomonas vaginalis, 
and Trichomonas gallinae. Interpretation of the observations on the 
cytochemical localizations and controls for the enzymes catalase, peroxi­
dase, and flavoprotein oxidase will be considered, with emphasis on the 
distinction between peroxisomal and mitochondrial cytochemical reactions. 
The trichomonad organelles found to possess principal cytochemical activity 
of these oxidative enzymes exhibited several ultrastructural resemblances 
to the peroxisomal oxidative organelles of other plant and animal cells. 
In the absence of double-membraned, cristate mitochondria, exclusion of 
the possibility that the trichomonad oxidative organelles represented 
degenerate mitochondria, rather than peroxisomes, was pursued to clarify 
the important question of the mode of terminal oxidation in these anaerobic 
parasites. 
Catalase content of the paraxostylar and paracostal granules of trichomonads 
Localization of catalase in the single-membrane limited paraxostylar 
and paracostal granules of T. suis and T. vaginalis was established by 
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an adaption of the cytochemical technique of Graham and Karnovsky (1966) 
for ultrastructural localization of hydroperoxidases, by peroxidation of 
3,3'-diaminobenzidine (DAB). The DAB-catalase localization has been 
used to identify peroxisomes in a number of kinds of cells (all possessing 
mitochondria) by incubation of glutaraldehyde-fixed cells at pH 9.0 with 
DAB and hydrogen peroxide i.e., (Beard and Novikoff, 1969b; Frederick 
and Newcomb, 1970). Peroxisomes have been identified in one protozoan, 
Ifertmanella sp. (Childs and Miller, 1971) with this type of DAB technique. 
However, this DAB technique for catalase localization was not adequate 
for localization of catalase in the morphologically identifiable peroxi­
somes of Euglena gracilis (Graves et al. 1971). No reports have been 
published of successful localization of catalase with a DAB-hydrogen 
peroxide incubation of fixed cells at pH 9.0 in the protozoan Tetrahymena 
pyriformis, which has been known to possess catalase-rich peroxisomes 
for several years (Muller et al. 1968). 
Incubation of prefixed trichomonads at pH 9.0 with DAB and hydrogen 
peroxide (method of Beard and Novikoff, 1969b.) suggested the presence 
of catalase in nucleoids of PAG-PCG, but most organisms showed little or 
no reactivity (Figure 3). Substitution of live, washed cells produced 
substantial cytochemical depositions in nucleoids of the PAG-PCG, at 
pH 6.0 and 7.5, but not at a higher pH (pH 8.2) (Figure 5, 10, and 12). 
Half of the PAG-PCG profiles, or more, exhibited amorphous, irregular 
areas of greater density in the matrix ground material after DAB-
hydrogen peroxide incubation of unfixed cells. 
Mitochondrial deposition of DAB (LITERATURE REVIEW) has been 
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distinguished from peroxisomal deposition of DAB by the use of the 
inhibitors 3-amino-l,2,4-triazole and KCN, and by the dependence of the 
deposition on the presence of hydrogen peroxide in the incubation medium 
(Novikoff and Goldfischer, 1968; Fahimi, 1968). With fixed cells mito­
chondrial deposition is maximal at pH 6.0, while peroxisomal deposition 
predominates at pH 9.0; both types of organelles deposit the osmiophilic 
DAB over this entire range, however, from the DAB-hydrogen peroxide media. 
The peroxidative mode of hydroperoxidase activity by catalase, necessary 
to cytochemical localization of the enzyme sites, is thought to be en­
hanced by alkaline conditions degrading the catalase molecule into four 
subunits (Hirai, 1969; Goldfischer and Essner 1969). Michondrial DAB 
deposition is enhanced by, but not dependent on, the presence of added 
hydrogen peroxide, is completely inhibited by 0.01 N KCN at pH 6.0, 
but is not effected by the addition of the specific catalase inhibitor, 
aminotriazole (Fahimi, 1969). Peroxisomal catalase localization is 
eliminated by aminotriazole, largely dependent on the addition of hydrogen 
peroxide, and is slightly inhibited by KCN (Beard and Novikoff, 1969b; 
Fahimi, 1969). 
In the present investigation, DAB deposition in the PAG-PCG of 
trichomonad cells was greatly enhanced by the addition of hydrogen per­
oxide, but was not entirely dependent on the exogenous substrate (Figures 
8, 13). At pH 6.0, cyanide inhibition produced PAG-PCG deposition inter­
mediate between no-substrate containing samples and the complete catalase 
localization medium (Figure 6). Most conclusively, aminotriazole-
treated trichomonads showed no DAB deposition in PAG-PCG at either pH 
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6.0 (Figure 6) or pH 7.5 (Figure 9, 18). The enzyme causing the DàB 
deposition is concluded to be catalase. 
Lack of DAB deposition in the PAG-PCG of unfixed cells at pH 8.2 
may indicate that the catlase of trichomonads differs from peroxisomal 
catalases previously localized by DAB techniques in that the activity is 
more sensitive to glutaraldehyde fixation, and not accentuated by high 
pH (pH 9) incubation. Peroxisomes of Euglena (and perhaps Tetrahymena) 
might also possess such catalases. 
Particle-bound catalase has been established as the definitive 
criterion for classification of single-membrane limited cellular bodies 
as peroxisomes (De Duve, 1965). This definition is derived from the con­
cept of the peroxisome as an oxidative organelle equipped with flavo-
protein direct oxidases and hydroperoxidases to decompose the toxic 
hydrogen peroxide resulting from the activity of these oxidases. By this 
standard, the PAG-PCG of trichomonads appear to be peroxisomes. 
Localization of a second hydroperoxidase in the trichomonad cell 
An ultrastructural cytochemical technique employed by Avers and 
Federman (1968) to localize a hydroperoxidase in "microbody-like" bodies 
in yeast cells was applied to trichomonad cells, with the expectation that 
the cytochemical localization would coincide with the catalase localiza­
tion indicated by the peroxidation of DAB. However, in the three species 
of trichomonads utilized, a distinct pattern of cytochemical deposition 
emerged. Cytochemical localization, dependent on added hydrogen peroxide, 
indicated the presence of a hydroperoxidase in endoplasmic reticulum 
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cisternae, Golgi lamellae, nuclear membrane, cytoplasmic vesicles, and 
as a principal site, the PAG-PCG. T. suis cells displayed a much higher 
level of cytochemical deposition than the other two species; additional 
sites of localization in this species included membranes of flagella 
and tubular membranes in the undulating membranes. 
Localization of hydroperoxidase with DAB in various kinds of high 
peroxidase content cells, such as thyroid follicular cells (Strum and 
Karnovsky, 1970a; Nakai and Fujita, 1970), salivary gland cells (Strum 
and Karnovsky, 1970b), intestinal epithelium (Venkatachalam et al. 1970) 
and leucocytes (Bainton and Farquhar, 1968), has revealed the localiza­
tion of the peroxidase to be in ER, Golgi, often the nuclear membrane, 
and small cytoplasmic vesicles. With the exception of leucocytes, in 
which peroxidase is located in "granules" with other enzyme properties 
characteristic of lysosomes (acid phosphatase), high peroxidase cells so 
far examined do not have peroxidase-positve organelles resembling peroxi­
somes. Put (1969) has reported that a peroxidase, as well as catalase, 
was present in a particle fraction of the fungus, Botrytis einera; no 
other reports of detection of both types of hydroperoxidase in peroxi­
somes have appeared. De Duve and Baudhuin (1966) indicate that the presence 
of peroxidase in peroxisomes might be expected. 
Besides the correspondence of the sites of deposition of the Avers 
Nadi reagents to the "peroxidase pattern" of high peroxidase cells, the 
conclusion that a different hydroperoxidase was localized by this cyto­
chemical technique was based on two observations. The nucleoids of the 
PAG-PCG were not reactive with the Nadi cytochemical reagents (Figure 29, 
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30), although the membranes of the organelles were localization sites. 
Treatment of the cells with aminotriazole, in the concentration that 
inhibited catalase localization with DAB, seemed to enhance the amount 
of cytochemical deposition with the Nadi reagents and hydrogen peroxide. 
This latter observation may be due to inhibition of the catalase by amino­
triazole which would spare hydrogen peroxide for reaction with the other 
hydroperoxidase present. In some DAB-catalase localization specimens 
of T. suis, increases of density in the nuclei, Golgi, and ER were some­
times observed. Similar densities were not observed in T. vaginalis, 
which has a much lower content of peroxidase than T. suis. 
Manometric studies assessed by the evolution of oxygen from hydrogen 
peroxide have indicated that T. suis exhibits a great deal of catalase 
activity, while T. vaginalis has none, and T. gallinae has questionable 
activity (Shorb, 1964). Since the amounts of catalase in PAG-PCG of 
T. suis and T. vaginalis appeared to be approximately equal, the difference 
in hydrogen peroxide-decomposing efficiency of the species may well be 
due to the difference in content of the peroxidase observed with the Nadi 
peroxidase localization technique. 
Localization of hydroperoxidases in the species of trichomonads 
previously thought to lack such activity reinforces the concept that 
this group of parasitic protozoa utilizes flavoprotein oxidases (pro­
ducing hydrogen peroxide) as terminal oxidases, in the absence of mito­
chondrial cytochromes. Localization of flavoprotein oxidases in the 
PAG-PCG completes the designation of these organelles as organelles of 
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terminal oxidation in trichomonads, and supports the identification of 
these organelles as peroxisomes. 
Flavoprotein oxidases in PAG-PCG of trichomonads 
Exposure of living trichomonads to dimethylforamide-dissolved Tetra 
Nitro Blue Tetrazolium resulted in the appearance of electron-opaque, 
non-droplet depositions, assumed to be the insoluble formazan produced 
by enzymatic reduction of the tetrazolium, on the limiting membranes of 
the PAG-PCG. Depositions on the PAG-PCG membranes of T. gallinae and 
T. vaginalis differed in appearance from those produced in T. suis. In 
the former species, several discrete densities followed the contour of 
the PAG-PCG, while in T. suis, uniform increase in the density of the 
whole membrane was usual ( with NADH2 substrate). In T. suis, discrete 
cytochemical deposits were also observed inside the PAG-PCG, associated 
with membrane "splits" or electron transparent spaces in the matrix 
material. 
Additionally, T. suis cells incubated for the cytochemical localiza­
tion of flavoprotein oxidases with sodium lactate as substrate showed 
very substantial depositions on the membranes surrounding internal seg­
ments of flagella, and around the striated fiberous costa. Somewhat less 
flagellar membrane deposition was also found in T. suis incubated live 
with NADH2. The significance of these extra-PAG-PCG formazan depostiion 
sites is not readily apparent. Reduction of tetrazolium may be ac­
complished by other types of reactive groups, or these cells may have 
flavoprotein activity at these sites. T. suis was found to exhibit 
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substantial amounts of a hydroperoxidase in various extra-PAG-PCG mem­
brane systems, which may indicate that the formazan deposition on costa 
and flagellar membranes does localize flavoprotein enzymes (which produce 
hydrogen peroxide). Formazan depositions were not noted outside of the 
PAG-PCG of T. gallinae and T. vaginalis, using different substrates. 
An increase in the density of the ground substance of the cytoplasm was 
noted in these latter two species when sodium succinate was added as 
substrate. Both succinate and lactate are metabolic end products of 
trichomonads. Increased formazan deposition with these substrates may 
reflect increased metabolic efforts of the cells to effect the removal 
of these normally excreted substances leaking through a dimethylforamide-
damaged plasma membrane. 
Use of succinate and p-hydroxybutyrate as substrates with T. 
gallinae and T. vaginalis showed that both substrates enhanced tetra-
zolium reduction in T. gallinae, while only succinate was effective with 
T. vaginalis. Similar observation with these species were recorded by 
Read (1957), using densitometric studies with the soluble Triphenyl 
Tetrazolium. The presence of the mitochondrial-type succinic dehydrogenase; 
and P-hydroxybutyrate + NADH2 oxidoreductase complexes is not excluded 
by these cytochemical observations, but can not be considered to be con­
firmed. NADH2 added with the P-hydroxybutyrate may be the source of 
stimulation of metabolic activity at the terminal oxidase level. 
Vandor and Tolbert (1970) and Tolbert et al., (1970) have deter­
mined that the peroxisomes of rat liver and spinach leaves, respectively, 
are capable of the oxidation of NADH2 by NADH2; glyoxylate oxidoreductases. 
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The presence of a similar enzyme system in trichomonad PAG-PCG seems to 
be a distinct possibility. T. suis incubated with NADH2 and tetrazolium 
showed an increase of PAG-PCG deposition over the no-substrate controls 
treated with tetrazolium only, in both unfixed and prefixed cells. The 
PAG-PCG also are the apparent site of tetrazolium reduction resulting 
from extended incubation with no added substrates to show sites of 
formazan deposition associated with oxidation of endogenous substrates 
(Figure 33, 34). The conclusion that the PAG-PCG are the principal 
organelles of flavoprotein-mediated terminal oxidation seems justified. 
Ultrastructural similarities of trichomonad PAG-PCG and peroxisomes 
Ultrastructural characteristics of peroxisomes exhibited by the PAG-
PCG of trichomonads include: 1) the single limiting membrane, 2) granular 
matrix material of uniform density, 3) characteristic size range .3-1.2 
micron, with usually circular profiles in sectioned material, 4) con­
tinuities of the limiting membranes with cytoplasmic membranes that appear 
to be ER, and 5) the presence of, under proper conditions, amorphous, 
irregularly angular nucleoids of greater density than the rest of the 
matrix material in the PAG-PCG of all three species of trichomonads. 
The membranes of the PAG-PCG appeared as single dense lines for the 
entire circumference of the organelles in many experiments. These mem­
branes were approximately 65-85A in width, appearing slightly wider than 
the membranes of the Golgi (50-65A) in most micrographs. Membranes of 
peroxisomes are reported to measure 65-80A in several kinds of cells 
(Hruban and Rechcigl, 1969). 
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As illustrated in publications dealing with the ultrastructure of 
T. gallinae (Mattern et al., 1967) and T. vaginalis (Filardo, 1970), the 
image of the limiting membranes of the PAG-PCG is ultrastructurally more 
complex than a simple dense line. For short lengths of the circumference 
of the organelle, this single dense line apparently separated into two 
dense lines, each 45-85A in width. The relationship of the limiting 
membrane of the PAG-ECG to the "unit membrane" is not clear in this study--
unit membrane structure in the single dense line segments could not be 
distinguished from small "splits". Branton (1966) has shown "splitting" 
of a unit membrane lengthwise between the layers in freeze-etched material 
prepared for electron microscopy, but such observations in sectioned 
material are not common. These separations in the membrane of PAG-PCG 
occasionally were of very uniform length and spacing (Figure 18), with 
a resemblance to pores. Heavy cytochemical deposits were often associated 
with the "splits", in the Nadi-peroxidase and TNBT-flavoprotein localiza­
tions, indicating that permeability characteristics of the membrane dif­
fered in these segments. 
Electron-transparent spaces in the matrix material just under the 
PAG-PCG were often seen in the same preparations as the "split" membranes, 
and were the sites of prominent cytochemical depositions also. Since 
the space between the separated dense lines of "splits" was also electron-
transparent, the matrix spaces may be another aspect of osmoregulatory 
complexity of the PAG-PCG membranes. 
The matrix material of the PAG-PCG exhibited a quite uniform granu­
larity of only moderate density with the fixations used for the 
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cytochemical studies. Nucleoids were not observed in_T. gallinae as 
commonly as by Mattern et al., (1967) in the matrices of the PAG-PCG. 
T. suis did not exhibit PAG-PCG nucleoids with glutaraldehyde and osmium 
fixation, but did with osmium fixation alone; T. vaginalis did not show 
nucleoids except after cytochemical incubations for catalase localiza­
tion. The presence of a nucleoid in the matrix material is one of the 
most characteristic properties of the peroxisomes of other cells. The 
nucleoids present in trichomonad PAG-PCG did not exhibit any periodic 
substructure; this would correspond to the Type II, amorphous nucleoids 
of peroxisomes (Shnitka, 1966). Nucleoids of rat liver and kidney have 
been identified with the urate oxidase content of the peroxisomes, but 
peroxisome nucleoids in tobacco and oat leaves are cytochemically DAB-
catalase positive (Frederick and Newcomb, 1969) as they seem to be in the 
trichomonads. 
Close association with ER and continuities of the limiting membrane 
with ER cisternae are commonly observed in ultrastructural studies of 
peroxisomes. These connections with ER are very numerous in tissues 
such as fetal rat and mouse liver (Rigatsu et al., 1970; Essner, 1967) 
and chick embryo liver (Essner, 1969b), in which these organelles are 
being formed. Organellogenesis of the peroxisomes of such fetal cells, 
on the basis of morphological and cytochemical evidence, proceeds by 
dilation and pinching off of ER cisternae. Similar connections of the 
limiting membranes of trichomonad PAG-PCG with cisternae-like cyto­
plasmic membranes were often found (Figure 30). 
192 
The cytochemical and ultrastructural observations of the character­
istics of the PAG-PCG of three species of trichomonads support the de­
signation of these organelles as peroxisomes. The PAG-PCG content of the 
enzyme catalase is diagnostic, and is reinforced by the association with 
the membranes of flavoprotein oxidase activity. The ultrastructure of 
PAG-PCG corresponds to the morphological characteristics of peroxisomes, 
derived from studies of animal, plant and protozoan peroxisomes by 
Hruban and Rechcigl (1969). 
Published micrographs of other amitochondrial cells show structures 
which may be peroxisomes (Hollande and Valentin, 1968; Roth and Shlgenaka, 
1964; Daniels and Breyer, 1967). 
Peroxisomes as Organelles of Terminal Oxidation in Trichomonads 
Additional substantiation for the role of peroxisomes as the organel­
les of terminal oxidation in trichomonads may be obtained by consideration 
of information about the metabolism of trichomonads from the literature. 
The glyoxylate cycle in the metabolism of trichomonads 
Although neither of the diagnostic enzymes verifying the presence of 
the glyoxylate cycle, isocitrate lyase and synthase, have been detected in 
any species of trichomonad, circumstantial evidence for the presence of 
this peroxisomal enzyme sequence is compelling. Figure 48 illustrates 
schematically the intermediates and enzymes functions that are involved 
in the glyoxylate cycle. ' 
Large amounts of the principal metabolic end products of trichomonads, 
succinate and malate (malic acid), could be easily derived from this 
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metabolic sequence; the production of succinate in the apparent absence 
of the tricarboxylic acid (TCÂ) cycle is thus easily explained. The other 
metabolic end products, lactic and acetic acids, could be obtained from the 
conventional glycolysis of hexoses known to occur in trichomonads. Two 
enzymes functional in the glyoxylate cycle (and TCA cycle) that have been 
biochemically detected in trichomonads are pyruvate dehydrogenase (T. 
vaginalis, Wirtschafter et al., 1956; T. gallinae. Read, 1957; T. suis, 
Doran, 1957), which produces acetyl CoA from the products of glycolysis; 
and malate dehydrogenase (T. vaginalis, Baernstein, 1961; T. gallinae. 
Read, 1957; T. suis, Lindblom, 1961). Other enzymes of the TCA cycle 
that also function in the glyoxylate cycle have not been demonstrated in 
trichomonads. 
The conversion of ^^C-glucose into amino acids including aspartic 
and glutamic acids observed with T. vaginalis (Kunitake et al., 1962), in 
the absence of the TCA cycle, could proceed easily by the transamination 
of QJ-Ketoglutaric, derived from succinate, and oxaloacetic acid from the 
glyoxylate cycle. One of the enzyme functions of the peroxisomes of green 
leaves, oily seeds, and the protozoan Tetrahymena pyriformis is trans­
amination of amino acids. Peroxisomes of trichomonads could well have 
a similar function. 
Likewise, the production of ^^C02 from 2,3-^^C-succinate observed 
by these workers is easily explained by a pathway involving glyoxylate 
cycle conversion of succinate to malate, then decarboxylation of malate 
by the "malic enzyme" of T. vaginalis (Kunitake et al., 1962). Pre­
viously, the apparent lack of a complete (no succinic dehydrogenase) 
TCA cycle in T. vaginalis left these authors without an explanation 
of this observation. 
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The peroxisomal glyoxylate cycle of Tetrahymena pyriformis is 
responsible for the ability of this organism to accumulate masses of 
glycogen in stationary phase, or conditions of limited oxygen supply, 
from acetate or acetate-producing substrate added to the culture medium 
(Levy and Wasmuth, 1970). Trichomonads also synthesize glycogen as the 
growth cycle progresses; the PAG-PCG of trichoraonads are often observed 
to be adjacent to accumulations of glycogen. The implication that the 
peroxisomal particle participates in the manufacture of glycogen in 
trichomonads is obvious. Levy and Wasmuth (1970) have suggested that 
glycogen accumulation in Tetrahymena, through the glyoxylate cycle, 
proceeds as a means of reducing the amount of lactate in the culture 
medium. A like protective benefit to trichomonads by removal of succinate, 
lactate, malate and acetate from the culture medium, rather than storage 
of an energy supply, may determine the importance of glycogen accumula­
tion to these organisms. 
The evolutionary implications of the presence of peroxisomes in 
trichomonads 
A great variety of protozoan species, none of them amitochondrial, 
have been found to possess peroxisomes by cell fractionations yielding 
catalase-containing particles, or by catalase localization cytochemistry. 
These include Tetrahymena pyriformis (Muller et al., 1968), trypano-
somatids (Muse et al., 1970), Ochromonas malhamensis (Lui et al., 1968), 
Acanthamoeba sp. (Muller and Miller, 1969), and Hartmanella sp. (Childs 
and Miller, 1971) these species represent cilliate, flagellate, and 
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sarcodlnid protozoa. The single-celled fungi Saccharomyces cerevisiae 
(Szabo and Avers, 1969) and Botrytis einera (Put, 1969) also have been 
demonstrated to possess peroxisomes both by cytochemical and biochemical 
analysis. In addition, the flagellate Euglena gracilis (Graves et al., 
1971) and some foraminiferans (Hruban and Rechcigl, 1969) exhibit morpho­
logically identifiable peroxisomes. The author is not aware of studies 
in which peroxisomes were not present in protozoan cells where identifica­
tion was sought. It appears that peroxisomes may be ubiquitous in pro­
tozoans, as these organelles seem to be in plants. While the peroxisomal 
oxidative organelle was once thought to be confined in animal cells to 
hepatic and renal types of cells, recent reports have indicated such 
catalase-postive structures are found in sebaceous glands (Hruban et 
al., 1971) and lung epithelium (Petrik, 1971). This widespread dis­
tribution argues strongly that peroxisomes are important oxidative 
organelles, even in the presence of mitochondria. The ocurrence of per­
oxisomes as the sole oxidative organelle in amitochondrial trichomonads 
suggests these organelles are capable of completely supplanting mito­
chondria under proper environmental conditions. 
The De Duve (1969b) concept of the peroxisome of present day cells 
as a "remnant" of the ancestral peroxisome (Figure la) provides an 
invaluable pattern for explanation of the reason that peroxisomes of 
plant and animal cells differ so widely in the enzymes each has been 
found to contain. Besides catalase, no other enzyme function has been 
found in all peroxisomes, although an NADH2: glyoxylate oxidoreductase 
function may well be present in all. Flavoprotein direct oxidases of 
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different peroxisomes oxidize different substrates, and more or fewer of 
the enzymes of the aminotransferase, purine degradation, and glyoxyate 
cycle functions are found in different peroxisomes. The peroxisomal 
particle does not seem to be as satisfactory in containing the enzyme 
content of the matrix (flavoproteins probably incorporated into the 
membrane do sediment quite well) during cellular fractionation as are 
mitochondrial and lysosomal particles. Catalase, localized exclusively 
in peroxisomes with cytochemical studies of mature rat liver (Fahimi, 
1968), shows a substantial percentage of "soluble activity" when the 
cells are fractionated (Beaufay et al., 1964). With better fractionation 
techniques, more of the present-day peroxisomes may well be found to be 
closer to the ancestral peroxisome than now suspected. 
Trichomonad peroxisomes seem quite likely to very similar in 
function to the ancestral peroxisome. De Duve (1969a) postulated that 
the peroxisomal oxidative organelle preceded the mitochondrial (bacterial 
symbiont) oxidative organelle, when the oxygen tension of the atmosphere 
was low. The peroxisome was conceived to be a device for disposal of 
excess reducing equivalents by the formation of hydrogen peroxide, 
sequestration of the hydrogen peroxide, and its decomposition before it 
harmed the cytoplasm of the living organism. Acquisition of mitochondria 
was supposed to have removed selective pressure for the maintainance of 
complete peroxisomal function. The ancestral protozoan quite likely 
acquired mitochondrial organelles before the origination of any of the 
ancestral lines traceable in present-day protozoan classification, con­
sidering the ubiquity of mitochondria in the protozoa. The trichomonad 
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line then secondarily lost mitochondria, as these organisms became 
readapted to low oxygen tension environments, as parasites. Alternatively, 
the ancestral trichomonads may have adhered as free-living organisms to 
available aqueous low oxygen tension environments until the development 
of the higher animals now hosts to these species provided expanded op­
portunities. In either case, the continued survival of the trichomonad 
flagellates in low oxygen tension environments, without mitochondrial 
organelles, would seem to be dependent upon the completeness of the per­
oxisomal equipment remaining. Approximation of the enzymatic qualities 
of the ancestral peroxisome would be quite advantageous to the present 
day trichomonad. Biochemical evaluation of the peroxisomes of trichomonads 
on this basis might contribute greatly to the understanding of the con­
tribution of these organelles in other cells. The importance of peroxi­
somes as oxidative organelles is enhanced by the observation that terminal 
oxidation sites in an amitochondrial cell are peroxisomes. 
A number of other parasitic organisms, including helmiths as well 
as protozoa, have some metabolic characteristics in common with the 
parasitic trichomonads. In particular, the production of the metabolic 
end products succinate and other organic acids, even when some cytochromes 
are present and evidence for a functional TCA cycle exists, suggests that 
consideration of a role for the glyoxylate cycle and peroxisomes is 
warranted. For example, Fasciola hepatica adults excrete large quantities 
of succinate, may have a TCA cycle, and apparently lack cytochromes 
(Bryant, 1970). These trematodes also possess the glyoxylate cycle 
enzymes, isocitrate lyase and matate synthase (Pritchard and Schofield, 
199 
1969). Isocitrate lyase and malate synthase have been detected in the 
nematodes, Panagrellus redivivus, Turbatrix aceti, and Rhabditis anormala 
(Rothstein and Mayoh, 1965) as well. The production of succinate by 
other nematodes, such as Ascaris spp., has also been often observed 
(Bryant, 1970). DAB-catalase (peroxidase) localizations in parasitic 
helminths have not shown peroxisomal particles (cestodes Hymenolepis 
diminuta, Threadgold et al., 1968, Lumsden et al., 1969; trematodes F. 
hepatica, Threadgold and Read, 1968; and Haematoloechus mediaplexus, 
Bogitsh and Shannon, 1970). Hydrogen peroxide-DAB deposition occurs 
only in the mitochondria of these organisms when the standard pH 9.0 
peroxisomal catlase localization technique is applied to fixed helminths. 
It is possible that the catalase of parasitic helminth peroxisomes might 
be difficult to detect by this method, as was the catalase of trychomonad 
peroxisomes. The presence of the glyoxylate cycle enzymes suggests that 
peroxisomal particles are likely to be found in many types of heliminths. 
The parasitic flagellate protozoa, Trypanosoma equiperdum, T. 
conorhini, and Crithridia fasciculata, which are not closely related to 
trichomonads, possess both peroxisomes and mitochondria (Muse et al., 
1970; Bayne et al,, 1969). Of these, T. equiperdum does not have bio­
chemically detectable catalse, but has morphologically typical peroxisomes 
In trichomonads, both "high catalase" and "no catalase" species exhibit 
about the same amount of catalase when an appropriate cytochemical 
technique was applied, but differed in the content of peroxidase. A 
similar situation may exist in the trypanosomatids. This direct and 
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indirect evidence that the catalase of various kinds of parasites which 
occupy environments of low oxygen tension had different biochemical 
properties from the catalase of aerobic cells, should be considered when 
the terminal oxidation processes of parasites are studied. 
Further evidence that the peroxisome may provide a valuable adaption 
to a parasitic environment is provided by the observation that the 
activity of the glyoxylate cycle enzymes of Tetrahymena pyriformis was 
greatly increased when these organisms were cultured in the hemocoel 
(body cavity) of a cockroach (Seaman, 1970). 
Summary 
Evidence was obtained in this investigation that three species of 
trichomonad flagellates, which lack morphologically identifiable mito­
chondria, utilize peroxisomes as organelles of terminal oxidation. 
Species of trichomonads studied were Tritrichomonas suis. Trichomonas 
vaginalis, and Trichomonas gallinae. 
Cytochemical techniques for the localization of catalase (3,3'-
diaminobenzidine peroxidation), peroxidase (Nadi reagent peroxidation), 
and flavoproteins (TNBT reduction) indicated that the paraxostylar and 
paracostal granules (PAG-PGG) of the trichomonad cells were the principal 
sites of these enzymes. Paraxostylar granules did not differ ultra-
structurally or cytochemically, from paracostal granules and are con­
cluded to be the same. Catalase was localized in nucleoids of the PAG-
PCG matrix material, after incubation of unfixed cells with DAB and 
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hydrogen peroxide, at pH 6.0 and 7.5. This localization was completely 
eliminated by the catalase inhibitor 3-amino 1,2,4-triazole (Heim et al., 
1956), but only partially inhibited by 0.01 N KCN. Partiele-bound 
catalase is the definitive enzyme of peroxisomes (De Duve, 1965). 
Hydrogen peroxide-dependent localization of peroxidase with Nadi 
reagents was enhanced by addition of aminotrizaole, and included the 
membranes of the nucleus, ER, and Golgi, as well as the PAG-PCG. When 
nucleoids were visible in the PAG-PCG, they were not peroxidase-positive 
T. suis displayed a very high peroxidase content, compared to the other 
two species. The cellular pattern of localization, exclusive of the PAG-
PCG, corresponds to the distribution usually reflected by cytochemical 
localization of peroxidase in "high peroxidase" cells, such as leucocytes, 
intestinal epithelium, salivary glands, and thyroid follicular cells. 
Flavoprotein oxidases were indicated to be contained in the PAG-PCG, 
probably associated with the limiting membrane, by the reduction of Tetra 
Nitra Blue Tetrazolium. Discrete densities, or a uniform increase in the 
density of the whole membrane were the most commonly osbserved altera­
tions in the appearance of the cell with TNBT incubations. The substrates 
succinate, a-hydroxybutyrate plus NAD, lactate, and NADHg all increased 
the amount of formazan deposition over the no-substrate controls. Since 
succinate and lactate are normally excreted products of these cells, it 
was concluded that increased metabolic efforts of the cells to remove 
these substances could cause an increase in formazan deposition. Direct 
oxidation of NADH2 at the PAG-PCG by T. suis probably does reflect the 
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activity of NADH2 oxidoreductases in the PAG-PCG. Other sites of formazan 
deposition in T. suis were observed; dense deposits were assoicated with 
membranes of internal segments of flagella, and with the costa. These 
deposits were especially marked after incubation with the lactate sub-
srate. The possibility that some flavoprotein oxidases of T. suis may 
be contained in the cytoplasm exists. 
The morphological appearance of the trichomonad PAG-GGG resembles 
peroxisomes of protozoan, plant and animal tissues in the following 
ways: 1) a single, 65-85A membrane delineates the boundary of the organelle; 
2) the matrix material is uniformly granular, except for an amorphous 
nucleoid of greater density, visible in all three species after appropriate 
fixation or cytochemical procedures; 3) size range 0.3 -1.2 micron, with 
usually circular profiles, and 4) the limiting membrane often appears to 
be connected with ER cisternae. An unusual morphological characteristic 
of trichomonad PAG-PCG not commonly observed in other peroxisomes was 
a tendency of the limiting membrane to separate into two dense lines 
lengthwise for short segments of the circumference. Electron-transparent 
spaces in the matrix material adjacent to the limiting membrane were also 
found in these cells; cytochemical depositions of the Nadi-peroxidase 
and TNBT-flavoprotein localizations were often especially heavy on the 
"split" membranes and the spaces in the matrix matdrial. These features 
may reflect a permeability adaption of the PAG-PGG organelle. 
The hypothesis that trichomonads contain peroxisomes as the functional 
organelles of terminal oxidation provides insight into some metabolic 
processes of these species. In particular, the production of succinate. 
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and malate as metabolic end products in the absence of the TCA cycle 
could be a result of the activity of peroxisomal glyoxylate cycle 
enzymes (Figure 48). Trichomonad glycogen accummulation may also be 
analogous to that of Tetrahymena pyriformis, which utilizes the glyoxylate 
cycle to perform the initial steps of glycogen synthesis. 
The importance of the peroxisome as an oxidative organelle is 
enhanced by the identification of these structures as terminal oxidation 
sites in amitochondrial trichomonads. Because the trichomonads have no 
mitochrondria, the peroxisomes of these cells may have lost fewer of 
the functions of the ancestral peroxisome (De Duve, 1969a). The presence 
of peroxisomes in amitochondrial cells as the terminal oxidation 
organelle supports De Duves concept of the ancestral peroxisome as a 
complete oxidative organelle. Peroxisomes possibly provide a unique 
benefit to parasitic organisms, since there is evidence for the presence 
of these organelles in trichomonads and trypanosomatid flagellates, and 
in helminths. 
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APPENDIX I. 
DAB-Catalase localization: Comparisons of the cytochemical incubation 
Species 
Cultures 
Age %Serum 
Fixation 
Cytochemical Incubation Rinse OgOA 
TS-IA 48 hr; 5% pH 9, 0.05M propandiol; 
Img/ml DAB, 0.06% 
H2O2. 1 hr, 360C. 
GA Prefix 2.5%, Ihr in 2°C. .16M pH 
7.8 phosphate; rinse 30 min. I%0g04 
1.5 hrs. in pH 7.8 phosphate (0.08M), 
TS-2A 
TS-3A 
48 hr; 5% 
36 hr; 5% 
pH 6,7.5/0ol6M phos. 
2.5mg/ml DAB,.08% 
H2O2. 20°C. 50 min. 
pH 6,7.5, 8.2 0.16M 
phosphate; Img/ml DAB, 
0.03% H202'50 min, 
20°C. 
pH 6,7.5 .16M phos.30 min. 1% 0^0^ 
same buffer 4.5 hrs. 
pH 6,7.5, 8.2 0.16M phos. 30 min. 
1% OgO^ same buffer 4.5 hrs-. 
TV-4A 
TV-5A 
36 hr; 5% 
48 hr; 10% 
pH 7.5 0.16M phos. 
2mg/ml; DAB. 0.06% 
H2O2; 30 min. 20Oc. 
pH 7.5 0.16M phos. 
Img/ml; 0.06% H„0„ 
20°C. 40 min. 
pH 7.5 0.16M phos. 20 min. 10 min-
post rinse. 1% OgO^ same buffer 
10 hrs. 
pH 7.5 .16M phos. 20 min. 1% OgO^ 
same buffer 1 hr. 
Nadi-Peroxidase localization; Comparisons of the cytochemical incubation 
Species 
Cultures 
Age %Serum 
Cytochemical 
Incubation Conditions 
Fixation 
GA7o Rinse 0s04 
TG-lB 
TG-2B 
TG-3B 
48 hrs 5% 
Bacterized, bulk 
24 hrs 2% 
45 hrs 2% 
pH 7.8 .16M phosphate 
Standard reagents*, 
0.06% H2O2. 1 hr. 35°C, 
pH 7.5 .16M phosphate 
Standard reagents*, 
0.06% H9O,. 50 min. 
35°C. 
Same as TG-2B, 1 hr. 
GA 57o in.l6M pH 7.8 phosphate 
Rinse; same 2 hrs; 17» OgO^, .16M 
phosphate 10 hrs. 
GÂ 5% in .16M pH 7.5 phosphate 
20 hrs. 17o OgO^, ,16M phosphate 
3 hrs. 
Same, 2 hrs; 1% OgO^, .16M phosphate 
5 hrs. 
TV-4B 24 hrs 10% 
Bacterized 
pH 7.5 .16M phosphate 
Standard reagents* 
0.06% H2O2. 50 mln. 
350c. 
GA 5% in 1:1 Ringers; pH 7.5 .16M 
phosphate 2 hrs; 0^0^, .16M phos­
phate 2 hrs. 
TV-5B 20 hrs 5% pH 7.5 .16M phosphate 
Standard reagents* 
0.06% H2O2. 1 hr, 
20°C. 
43 GA. 1% OgO^ in .16M phosphate 
pH 6.0 and 7.5. 4.5 hrs. 
TS-6B 48 hrs 5% pH 6.0, pH 7.5 „16M No GA. 1% OgO^ in 0.16M phosphate 
phosphate. Standard pH 6.0 and 7.5 4 hrs. 
reagents/* 0.06% H2O2. 
1 hr. 20°C. 
TS-7B 45 hrs 5% pH 6.6 0.16M phosphate No GA. 1% OgO^ pH 7.4 .16M 
antibiotics Standard reagents*, phosphate. 4 hrs. 
0.06% H2O2, in acetic 
acid instead of ethanol. 
1 hr. 20°G. 
1.2 mg p-amino-diphenylamine; 
in 5 ml. medium. 
1.5 mg p-methoxy-p' amino-diphenylamine in 0.01 ml ethanol 
TNBT-Flavoprotein localization; Comparisons of the cytochemical incubation 
Species 
and Expt, 
Cultures 
Age %Serum 
Fixation 
Cytochemical Incubation Rinse; GA Fix; Rinse; OgOA Fix; Dehydr. 
TG-IC 
TG-2C 
TV-3C 
48 hr; 5%; 
Bacterized 
48 hr; 5%; 
Starved 24 hrs 
in Ringers 
24 hr; 10%; 
Starved 18 hr. 
in Ringers. 
pH 7.0 and .IM phos, 
pH 6.0; Img/lOml; no 
substrates; 3 hrs. 
350G. in dark. 
*pH 7.5; Img/2ml; As 
Expt except 2X NAD 
and also .005M suc­
cinate; 1 hr, 35°C. in 
dark. 
*pH 7.5; Img/2ml; 
.05M succinate or 
P-hydroxybutyrate 
(+.0175M NAD), or 
.005M malonate; 45 
min, 35°C. in dark. 
None; 5% GA in pH 7.1 .IM cacodylate; 
rinse .IM cacodylate; 1% 0s04 in .IM 
cacodylate, 2 hrs. ETOH and PO compared 
to acetone. 
None; 5% GA in inc. media 16 hrs. 
media, rinse 1:1 *phos: Ringers; 1% 
OgO^ as Expt 3, (.IM phos. and 1/4 X 
Ringers final conc.), 5 hrs; ETOH + 
PO. 
None; 5% GA in inc. media 3 hrs. 
media, rinse 1:1 *phos: Ringers; 1% 
OgO^ in .13M phos (7.5): Ringers, 3:1 
5 hrs; ETOH and PO dehydration. 
TS-4G 36 hr; 5% 
TS-5G 48 hr; 5% 
TS-6G 48 hr; 5% 
*pH 7.5 TNBT Img/lOml; 
•OSmg NADH^/lOml. 1 hr, 
350c. in dark. 
Prefix 20 min 40C. 2% 
GA in .16M cacodylate; 
incubation pH 7.5 .16M 
phos. Img/lOml, 5mg 
MDH2/10ml 4 hrs, 35°C. 
in dark. 
*pH 7.5; Img/lOml of 70% 
Na lactate in 10ml media 
2 hr, 35°C. in dark. 
*.16M phosphate. 
pH 7.5; 5% GA. .16M phosphate 3 hrs. 
rinse same 5 hrs; 1% 0s04 in pH 7.5 
,16M phosphate 5'hrs. ETOH-P.O. 
1% OgO^ in pH 7.5 .16M phos. 4 hrs. 
ETCH - P.O. 
*pH 7.5; 5% GA *pH 7.8, 4 hr; rinse 
*pH 7.5; 1% OgO^ 6 hrs.; acetone. 
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APPENDIX II. 
Incubation media producing artifactual densities in PAG-PCG membranes 
Experiment Species Cytochemical Incubation 
Fixation 
Glutaraldehyde (GA) Rinse OgOà 
DAB-Catalase T. vag. DAB Img/ml, in pH 7.2 0.16M 
cacodylate. 0.2% H2O2. 
45 min. 200G. 
TNBT- T. vag. TNBT lmg/2ml; 1:1 Ringers; 
Flavoprotein pH 7.5 .16M phosphate. 
3 hr. 35°C. 
none 
2.5% GA. 1:1 
Ringers: .16M 
phosphate; 4 hr, 
.16M 1.3% in 16M 
cacodylate cacodylate 
2/15 min. 3 hr. 
Same as 
GA. 
1%, 1:1 Ringers 
.16M phosphate 
overnight 
Nadi- T. vag. Standard reagents in 5ml 5% GA in 1:1 Same as 1.2% in 1:2 
peroxidase 1:1 Ringers: O.IM pH 7.5 Ringers: .IM GA. Ringers: .IM 
phosphate buffer. .006% phosphate. phosphate, 
H2O2. Ihr, 35°C. 3 hr. 3 hr. 
